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FORE WORD 

This r epor t  was prepared by the P r a t t  & Whitney Aircraf t  Division of 
United Aircraf t  Corporation, East Hartford,  Connecticut, t o  describe 
in par t  the work conducted from June 1 t o  December 1 ,  1963 in fulfill- 
ment of Task  111, Item A of Contract NAS3-2335, Amendment 1 ,  Ex- 
pe rimental  Investigation of Transients in  Space Rankine Powerplants . 
It summar izes  the experimental aspec ts  of Task 111, Item A, and deals 
with flow stability inside condensing tubes.  

Task  IJI, I tem A consisted of a n  analytical and experimental  study of 
convectively-cooled indirect  condensers for  Rankine-cycle space power - 
plants. The analytical par t  of the t a sk  was directed towards identify- 
ing the most promising condenser concept based on considerations of 
heat t r ans fe r ,  fluid mechanics,  s t ruc tura l  integrity,  fabrication and 
sealing, and sys tems integration. The resu l t s  of the analytical study 
are contained in  Report  PWA-2320, Volume 1, except for the s t ruc -  
tu ra l  analysis .  
Report  PWA-2320, because of the classification of some propert ies  of 
columbium- 1 per cent zirconium. 

The la t te r  is presented in  a classified Volume 2 of 
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I. INTRODUCTION 

Rankinecycle  space powerplants require  that the working fluid be  con- 
densed either directly inside radiators o r  indirectly in compact heat 
exchangers.  In the most  common designs of both types of condensers,  
the condensing occurs  inside of tubes. 
condensing tubes might cause large p r e s s u r e  oscillations and inventory 
changes within the system, investigations w e r e  needed to determine 
whether or  not such instabilities exist, and to eliminate them i f  they 
w e r e  found to be  present and detrimental. 

Since flow instabilities inside 

An experimental study reported in Volume 2 of Report  PWA-2227* 
concluded that slugging occurred with condensing flow inside of tubes 
and that l a rge  p re s su re  oscillations resulted.  In order  to  supplement 
the findings from that study, a n  additional experimental program was 
conducted to investigate effects of tube diameter  and gravity on slugging 
in condensing flow, and to investigate means for reducing the p r e s s u r e  
oscillations caused by slugging. 

Many space powerplants under consideration having compact indirect  
condensers use a number of independent radiators  and cooling loops 
for  condensing the flow of the Rankine cycle.  Coolant l o s s  could be 
caused by meteoroid punctures i n  one o r  more  radiator  segments.  
Therefore ,  an investigation was also made of the effects of l o s s  of 
coolant t o  different shell-tube condenser sections that might be a s so -  
ciated with such independent radiator segments .  

*Wyde, S .  S .  , and H. R .  Kunz, Experimental Investigation of Heat 
Rejection in Nuclear Space Powerplants, Report  PWA-2227, Volume 
2, Condensing Flow Stability Studies, Report  Per iod  June 1, 1962 to 
M a y 3 1 ,  1963 
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11. SUMMARY 

An e::p ri inental  program was conducted to investigate stability of 
ccm-iensing s team flow inside of tubes to a id  in the design of Rankine- 
cycle space powerplants. As a result  of the investigation i t  can  be 
concluded that slugging is likely to occur  inside tubes i n  ze ro  gravity 
at high condensing rates.  This slugging causes  p r e s s u r e  oscillations 
which must  be taken into account in the powerplant component s t ructure .  
In addition, slugging might cause possible pump cavitation problems. 
These problems may be m o r e  severe in ground tes ts  of a space power- 
plant. 
use of inser t s  in the tubes. Furthermore,  meteoroid puncture in a ra-  
diator segment with a subsequent loss of coolant to one of a number of 
parallel  condensers might resul t  in violent p re s su re  oscillations. 
oscillations could a l so  lead to pump cavitation and system failure.  
cillations can  be  reduced by the use of orifices in the condensing tube exits.  

The magnitude of the pressure oscillations can be reduced by the 

These 
O s -  

Tke program was divided into four parts:  
C -  ordinate visual observations with t ransient  p re s su re  measurements ,  
2) single-metal-tube tes ts  to determine the effects on slugging of 
gravity,  tube diameter ,  and inserts within the tube, 3) simulated 
segrnented shell-  tube indirect  condenser tests to determine the effects 
of par t ia l  coolant loss with different orientations and cooling arrange-  
ments ,  and 4) simulated condensing-radiator tes ts  to determine the 
effects of gravity on condensing flow in this configuration. 

1 )  glass-tube tes ts  to 

The glass-tube tes t s  were  made with one, two, and three condensing 
tubes in paral le l ,  with the tes t  section oriented either horizontally, 
t i l ted 2 degrees  downhill, o r  tilted 2 degrees  uphill. 
were  found to b e  present  and a high speed motion picture showed that 
these  oscillations were  due to slugging. 
corded the frequency and magnitude of oscillations during slugging 
flow. 
was or iented at a slight uphill slope than when in the level orientation. 
At a slight downhill slope, no pressure  oscillations occurred. 

Flow oscillations 

P r e s s u r e  t ransducers  r e -  

These oscillations occurred m o r e  frequently when the tes t  section 

The single-metal-tube t e s t s  were  conducted with condensing tubes hav- 
ing constant inside diameters  of 0.  180, 0. 305, and 0.430 inch, and with 
a tapered condensing tube whose inside diameter var ied from 0 . 5 0  inch 
a t  the inlet to 0. 1875 inch a t  the exit. In addition, th ree  different in- 
s e r t s  w e r e  installed and tested inside one of the constant diameter tubes. 
Effects vf angle of tube incliriaiioli, condeiis'llig flow rate, and Coolant 
flow r a t e  w e r e  investigated using these seven different tes t  sections.  
In general ,  the magnitude of pressure  oscillation caused by slugging 
decreased  as the angle of tube inclination decreased  from vert ical  up- 
flow to ver t ical  downflow. However, the smal les t  constant diameter 
tube showed minimum magnitude of oscillation in  the level orientation 
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a t  one s e t  of conditions. 
in both the vertically up and vertically down orientations than in the 
horizontal orientation. 
tes t s  with vertical  downflow orientation which seemingly would resu l t  
in more  stable conditions than those anticipated in ze ro  gravity. 
Therefore ,  slugging could exis t  in  actual space  powerplants. 

Thus significantly g rea t e r  oscillations occurred 

Slugging did occur to  some extent i n  most  

The tapered-tube tes t  section and the in se r t s  w e r e  tes ted in an attempt 
to reduce o r  eliminate slugging. The three inser t s  tes ted w e r e  a 
twisted tape in se r t  and both a slotted and a nonslotted concentric tubu- 
lar inser t .  The inser t s  tended to reduce the magnitude of oscillations, 
but the tapered  diameter  tube did not. 

The simulated shell-and-tube condenser t e s t  section, which consisted 
of t h ree  tubes with segmented cooling jackets,  was tes ted to determine 
effects on p r e s s u r e  and temperature fluctuations when the coolant was  
shut off in different segments.  
w e r e  tested,  one which simulated a condenser cooled by different ra- 
diator loops in different axial sections, and the other which simulated 
a set of condensers connected in parallel ,  each being cooled by a sep-  
a r a t e  radiator loop. 
s i zes ,  and the use  of orifices in the tube exits w e r e  a l so  investigated. 

Two different cooling a r rangements  

Different test section orientations, different header 

These tes t s  indicated that l a r g e  pressure  fluctuations would occur i f  
considerable amounts of vapor entered the exit manifold. This detr i -  
mental effect occur red  only when the second type cooling arrangement  
was  used without orifices installed in  the tube exits.  
fices apparently allowed only a small amount of vapor to enter the 
exit manifold. 
the event of meteoroid puncture of a radiator loop, devices which re-  
s t r i c t  vapor flow (such a s  orifices) a t  the condensing tube exits a r e  de- 
s i r ab le  with parallel condenser operation. The tes t  section orientation 
a l so  affected the resu l t s  since in some c a s e s  the liquid head in the exit 
manifold prevented vapor f rom entering the exit manifold. 

The use  of o r i -  

Thus, to avoid high amplitude p r e s  sur  e oscillations in 

The s e r i e s  of simulated condensing-radiator tes ts  was run  using a 
configuration consisting of th ree  tubes of 0. 180-inch inside diameter 
s tacked in a vertical  plane with the tube axes  horizontal. 
distance of 6 inches between successive tubes c rea ted  a p r e s s u r e  dif- 
ferent ia l  between the tube exits.  In these t e s t s ,  the total s team flow 
rate was decreased  and temperatures  at the tube inlets w e r e  recorded. 
The resu l t s  indicated the value of low s team flow r a t e  which perm-its 
sufficient liquid head in the exit manifold to cause  liquid to flow back 
through the bottom tube. 
similar to  those associated with slugging i n  other par ts  of the program 
were  found to  be present .  

The vertical  

During this testing pressure  oscillations 

No additional instabilities were uncovered. 
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111. TEST EQUIPMENT 

The experimental  p rogram described in  this repor t  used the tes t  facil- 
i ty descr ibed in Volume 2 of Report PWA-2227. The glass-tube 
configuration and simulated direct-condens ing radiator configuration 
discussed he re  a r e  descr ibed in  the s a m e  report .  
following configurations were  tested: single metal  condensing tubes 
with constant inside diameters  of 0. 180, 0.305, and 0.430 inch; a 
condensing tube of 0.430 inch diameter with twisted tape and  tubular 
i n se r t s ;  a single metal  condensing tube of tapered diameter ;  and a 
configuration with three  paral le l  tubes to simulate a shell -tube condenser.  
P r e s s u r e  t ransducers  w e r e  used in these tes t s  to determine the mag- 
nitude and frequency of p r e s s u r e  oscillations, Transient tempera ture  
measurements  were  a l so  made for tests on some  configurations. 

In addition, the 

A. Description of Facility 

A schematic flow diagram of the facility is shown in Figure 1. 
s t eam was  supplied f rom a plant boiler to shutoff gate valve V i ,  at a 
p r e s s u r e  of 150 psia.  
by two separa tors  in s e r i e s .  
through a s team t r a p  and the steam flowed through a fi l ter  before 
splitting into two branches.  

Wet 

The s team and liquid water  were  then separa ted  
The separated liquid flowed to the drain 

In one branch the s team was  superheated by a resis tance heater .  The 
superheated steam p r e s s u r e  was  regulated by either of two regulating 
valves,  V4 o r  V5, and the s t eam flow was metered  by a s tandard o r i -  
f ice.  The superheated s team was partially controlled by valve V8 
before entering a mixing chamber.  In the other branch the steam was 
condensed to subcooled water  and the flow was metered  and controlled 
by valve V7 before entering the mixing chamber .  The des i red  s team 
quality at the tes t  section was produced by controlling the tempera tures  
of the two branches before mixing and the rat io  of superheated s team 
flow to subcooled water  flow. 

The test sections were  cooled by water pumped through cooling jackets 
concentric with the condensing tubes. 
cooling l ines  were  metered.  The condensate flow from the t e s t  section 
was controlled by valves Vqa and V9b and metered  before entering 
the drain.  

The cooling flows of individual 
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Thermocouples,  Bourdon gages,  manometers ,  and flowmeters w e r e  
used a t  s t ra tegic  locations shown in Figure 1 for the simulated direct-  
condensing radiator  configuration. 
the determination of p re s su re ,  temperature,  and flow of the coolant 
and the condensing fluid at a number of different locations. Two types 
of t ransducers  were  used for transient p re s su re  measurements .  One 
type was a Consolidated Electric Corporation (CEC) t ransducer  which 
could sense  both p r e s s u r e  level and p r e s s u r e  variations. The CEC 
t ransducer  and i t s  galvanometer system could sense  frequencies to 
1000 cycles  pe r  second. 
t ransducer  that was used to sense only p r e s s u r e  variations. 
t ransducer  and the system used in conjunction with it could sense  f re-  
quencies to 3000 cycles per  second. A Heiland oscil lograph was  used 
to  r eco rd  the output of transducers and thermocouples used in t ransient  
t e s t s .  
the t ransducer  outputs through oscilloscopes. 
facility a r e  described in Volume 2 of Report  PWA-2227. 

These measuring devices enabled 

The second type of t ransducer  was a Photocon 
This 

Pressure fluctuations were monitored during the t e s t s  by viewing 
Additional details of the 

B. Description of Test  Sections 

The following sections descr ibe each of the tes t  configurations in de- 
tail. 

1 .  Glass  -Tube Configurations 

F igure  2 shows a photograph of the glass-tube configuration. 
g lass  branches consisted of precision borosil icate (Pyrex )  g lass  
tubing of 0.026-inch wall thickness, 0.240-inch outside diameter  
and  25.8 inches length, with cooling jackets of 0. 0625 -inch wall 
thickness and 1/2-inch outside diameter .  
jacket  annular height of 0.0675 inch. 
plain s ta inless  s teel  tube 2 inches in outside diameter with welded 
branch  connecting tees .  
to  a radius of 0.062 inch. 
off if that branch were  not to  be used'. 
d ra in  cocks and a threaded cap on the end for cleaning and inspec- 
tion, and was  thermally insulated for  tests. The branches w e r e  
connected to the tees  by Swagelok nuts and Teflon fe r ru les .  B r a s s  
fittings were  used to prevent scratching and weakening 
The exit manifold was made of 1/2-inch Swagelok tees  and 1/2-inch 
diameter  tubing. 

The 

This resul ted in a cooling 
The inlet manifold was a 

The entrances of the tees  were  rounded 
The tees  for a branch would b e  capped 

The inlet manifold had two 

the glass. 
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The s team flow entered a t  right angles to the inlet manifold and 
proceeded through a flow straightener.  The l a r g e  diameter  inlet 
manifold acted as a reservoi r  to provide equal flow through each 
of the three  branches.  

2. Single-Metal -Tube Configurations 

The different single metal tube t e s t  sections used a r e  descr ibed 
below. 
inlet and exit in o rde r  to attach manometer l ines  and t ransducers .  

Each t e s t  section had s ta inless  s teel  p r e s s u r e  taps near  the 

a )  
stant-diameter condensing-tube tes t  sections were  made with 
copper condensing tubes and copper cooling jackets.  
ing jackets w e r e  connected to the condensing tube and cooling 
feed l ines with Swagelok heat exchanger tees .  

Constant-Diameter Condensing Tube - Three  different con- 

The cool- 

The flow entered each test section f rom a l a r g e r  tube connected 
to the tes t  section by a reducing union. 
section was rounded to a radius of approximately 1/16 inch. 

The inlet to each tes t  

The main dimensions for these constant diameter  sections are 
summar ized  below : 

Condensing tube inside diameter,inches 0. 180 0.305 0.430 
Condensing tube outside diameter, inches 0.250 0.375 0.500 
Condensing tube length, inches 40.25 63.0 63.0 
Cooling jacket inside diameter,  inches 0.430 0.555 0.670 
Cooling jacket outside diameter,  inches 0.500 0. 625 0.750 
Cooling jacket length, inches 35.0 51. 5 51.5 
Cooling annular height, inches 0.090 0.090 0.085 
Overall cooled length, inches 37.0 56.0 56 .0  
Entrance tube inside diameter,  inches 0.430 0.430 0.670 

b )  
tes t  section described above was modified by inserting a s ta inless  
s teel  twisted tape 0.094 inch thick and 0.430 inch wide into the 
tube. 
and a pitch of 1.5 inches. The swir le r  occupied the last 92 per  
cent of the length of the condensing tube. 

Swirler Inser t  Test  Section - The 0.430-inch inside diameter 

The twisted tape shown in Figure 3 had a length of 58 inches 

A radial  pin brazed  to 
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the tube wall at the downstream end prevented the swir le r  f rom 
moving downstream, and a tight fit within the tube prevented the 
swir le r  f rom turning. 

c )  
were  made to fit inside the 0.430-inch inside diameter  tube de- 
sc r ibed  in a). 
s ta inless  s teel  tubes 0. 191 inch in outside diameter ,  and 0. 01 
inch in  wall thickness. Wire space r s  w e r e  soldered to the tube 
in o rde r  to center  the insert  in the condensing tube. One in se r t  
had circumferent ia l  slots cut around one-half of the c i r cum-  
ference approximately every 0 .25  inch and the other was  left  
plain. Each insert was  24 inches long and occupied the last 
38 per  cent of the condensing tube. 
downstream end of the condensing tube prevented the in se r t s  
f rom moving downstream. 

Tubular Inser t  Test  Sections - Two different tubular i n se r t s  

The inserts shown in  Figure 3 were  made of 

A radial  pin located in the 

d) Tapered Diameter Tube - A photograph of the tapered tube 
configuration is shown in Figure 4. 
and coolant tube were  made of aluminum. The condensing tube 
had an  inside diameter  of 0. 50 inch a t  the inlet and 0.  1875 inch 
a t  the exit. 
0.035 inch. 
inch at the inlet and 0. 375 inch at the exit. 
inches and its wall thickness was  0. 046 inch. 
annulus was therefore  approximately 0. 10 inch high. 
ant jacket was attached to the condensing tube by using an  
epoxy cement  to  seal the annular spaces  on both ends. 
ing l ines  were  a l so  attached to the coolant jacket with this epoxy 
cement.  
inch inside diameter tube which was connected to the tes t  section 
by a reducing union. 

Both the condensing tube 

The length was 43. 0 inches and the wall thickness 
The coolant tube had a n  inside diameter of 0. 656 

Its length was  38.5 
The coolant 

The cool- 

The cool - 
The s team flow entered the tes t  section f rom a 0.56-  

The inlet to the t e s t  section was rounded. 

3 .  Simulated Shell- Tube Configuration 

The simulated shell-tube configuration shown in Figure 5 compr ised  
a n  inlet and an  exit manifold connecting three  condensing tubes i n  
parallel .  The copper condensing tubes w e r e  0.430 inch in diameter,  
0.035 inch in wall thickness, and 63 inches long. 
tube had th ree  concentric tubular cooling jackets made from copper 

Each condensing 
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tubes 0.750 inch in outside diameter,  0. 040 inch in wall thickness,  and 
12.5 inches long. 
densing tubes and cooling lines by Swagelok heat exchanger tees .  
Each cooling segment had an overall  cooling length of 17 inches and 
a cooling annulus 0. 085 inch high. 

The cooling jackets w e r e  connected to the con- 

Two inlet manifolds of different lengths w e r e  used. 
long and the other 6 inches long. 
copper tubing, 4-inch copper caps,  and s teel  flanges. Either mani- 
fold could be  bolted to a steel  plate containing inlet t ees  connected 
to the condensing tubes with Swagelok nuts. The tees  had rounded 
inlets and were  spaced in l ine with a center-to-center distance of 
1.625 inches between center  tee and each of the two end tees .  The 
flow entered the inlet manifold through a 0. 5-inch outside diameter 
tube located in the face opposite the tube inlet plate. The manifold 
inlet was not in l ine with any of the tube inlets.  
w e r e  insulated during testing. 

One was  5 inches 
Both w e r e  constructed f rom 4-inch 

The inlet manifolds 

The 5-inch long exit manifold was constructed of two 4-inch copper 
caps  and 4-inch copper tubing. 
tubes to the exit manifold were b razed  directly to  one of the copper 
caps.  
s ide  of the exit manifold for  the flow exit. 
taps were  installed in all manifolds, and p r e s s u r e  taps were  installed 
n e a r  the exit of each condensing tube. 

Tees to connect the condensing 

Also, a 0.25-inch outside diameter  tube was b razed  in the 
Bleed vents and p res su re  

This tes t  section had pressure  t ransducers  connected to the p r e s s u r e  
taps located in the inlet manifold, exit manifold, and exits of each 
tube. 
g lass  tube manometer .  Four chromel-alumel thermocouples with 
1/ 16-inch diameter sheaths were installed to a n  immers ion  length 
of 5 /8  inch inside each condensing tube. These were  spaced with 
one a t  the tube inlet and one after each cooling segment. In some 
tests, orifices 0. 1 inch in diameter w e r e  inser ted  in the exit of 
each condensing tube. 

The inlet manifold p re s su re  was obtained from a precision 

4. Simulated Condensing-Radiator Configuration 

This configuration was the three-metal-branch configuration r e -  
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ported on in Volume 2 of Report PWA-2227. 
t es t  section is shown in Figure 6 .  

A photograph of this 

The s team flow entered a t  right angles to the inlet manifold of 2 -  
inch outside diameter and proceeded through a flow straightener .  
The l a rge  diameter inlet manifold acted as a r e se rvo i r  to provide 
equal flow through each of the three  branches which w e r e  connected 
to the manifold with welded tees. 
th ree  branches had an outside diameter of 1 /2  inch. 
fold had two drain cocks and a threaded cap  on the end for cleaning 
and inspection, plus viewports to visually inspect the inside during 
testing. 

The collector manifold for the 
The inlet mani- 

The inlet manifold was thermally insulated for tes ts .  

The dimensions of the branches were  identical to  those for the 
0. 180-inch inside diameter single condensing tube configuration de- 
sc r ibed  above. 
was 6 inches. 

The center-to-center distance between branches 
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IV. EXPERIMENTAL PROGRAM AND TEST RESULTS 

The experimental program was divided into four par ts :  glass-tube 
tes t s ,  single-metal-tube t e s t s ,  simulated shell-tube configuration 
t e s t s ,  and simulated condensing-radiator configuration t e s t s .  The 
g lass  -tube tes t s  provided a method of connecting visual observations 
of slugging with transient measurements  f rom p r e s s u r e  t ransducers .  
The single-metal-tube tes ts  provided a method of determining effects 
of tube diameter ,  condensing flow rate, coolant flow r a t e ,  angle of 
tube inclination, and use of inser ts  on p r e s s u r e  oscillations caused by 
slugging. The simulated shell-tube tests showed how different cooling 
a r rangements ,  use  of or i f ices ,  size of inlet header,  and tes t  section 
orientation influenced p res su re  and tempera ture  variations during 
periods when coolant flow to par t  of the condenser was shut off. The 
simulated condensing -radiator configuration tes t s  showed the effects 
of gravity upon flow distribution when the manifolds axes  w e r e  oriented 
in the ver t ical  plane. 

A. Glass  - Tube Configurations 

Flow observation tes ts  using a test section with g lass  tubes w e r e  r e -  
ported in Volume 2 of Report  PWA-2227. Movies were  taken which 
showed that rapid changes in the position of the final liquid-vapor in-  
te r face  occurred  during otherwise steady operation. However, the 
movie speed was not fast  enough to determine whether slugging occurred  
in these  tes t s .  
slope did not indicate any rapid pulsations. 

Also, a run with the t e s t  section a t  a slight downward 

In o r d e r  to supplement these observations, additional tes t s  w e r e  run  
using g lass  tubes. F i r s t ,  high speed motion pictures w e r e  taken which 
indicated that slugging was occurring during the rapid pulsations p r e -  
viously observed. Tests w e r e  then run using p res su re  t ransducers  to 
r e c o r d  the magnitude and frequency of the pulses.  These tests w e r e  
run with one, two,, and three tubes to determine whether the number 
of tubes affected the p r e s s u r e  fluctuations. Also, the t e s t  sections 
w e r e  oriented in three  different positions to observe the effects of 
gravity.  Table 1 contains the conditions and condensing lengths for 
all t e s t s  run on the glass  tube configurations. All t es t s  were  run  at a 
tube inlet s ta t ic  pressure  of approximately 20 psia.  Because of the 
s imilar i ty  of the resu l t s  f o r  a number of the runs reported,  only par -  
t icular runs were used to demonstrate the various features  observed 
in  the data.  
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A sequence f rom the high speed movies is shown in Figure 7. Individual 
f r ames  show the condensate film initially calm,  with waves formed, 
rapidly becoming turbulent, returning to a ca lm state ,  and finally show- 
ing back flow to reveal the final liquid-vapor interface. 
movies did not show the wave bridging a c r o s s  the diameter  of the tube 
to  form a slug, the action shown is s imi l a r  to  par t s  of slug flow sequences 
descr ibed in Report PWA-2227. Significantly, the main action occur-  
r ing between the second and third f r a m e s  took only 0.0044 second and 
thus a normal  speed movie would only indicate a blur for this motion. 
The ent i re  sequence occurred  within the shor t  span of 0. 128 second. 

Although the 

Figure 8 contains typical curves of p r e s s u r e  a t  tube exits versus  t ime,  
for  one, two, and th ree  tubes oriented in 2"  uphill orientation. All 
t h ree  curves indicate that a se t  of oscillations occur red  approximately 
every  two seconds with a calm period between each se t .  The effect of 
number of tubes can b e  seen from the increase  in the number of osci l -  
lat ions in each se t  as the number of tubes increased.  
b e  explained by the occurrence of a vapor slug collapsing in one tube 
reducing pressure  in all the tubes thereby providing impetus for slugging 
to occur in another tube, and so on. 
figure that the magnitude of pressure  oscillation is approximately the 
s a m e  for one, two, and three  tubes. 

This can  perhaps 

It can  a l so  be observed in this 

F igure  9 shows that the pressure  fluctuations a t  various locations in  a 
three-tube tes t  section a r e  approximately in phase. 

F igure  10 shows the effect of gravity on the p r e s s u r e  fluctuations for 
a single tube. 
was  near ly  constant, indicating that slugging did not occur.  
orientation, s e t s  of oscillations occurred  with a period of about 5 
seconds between se ts .  
flow, the period between se t s  of oscillations decreased to about 2 
seconds.  Although the c a s e  presented for a 2 "  downhill slope had con- 
s iderably l e s s  condensing s team flow than the other two t e s t s ,  the sets 
of t e s t s  for 2 and 3 tubes 
flow per  tube indicated s imi la r  resul ts .  

At a slight downhill slope of Z " ,  the tube exit p r e s s u r e  
At a level 

When the tube was oriented for a slight uphill 

which had approximately equal condensing 

B. . Single-Metal -Tube Configurations 

The effect of gravity on pressure  oscillations observed in the glass-tube 
t e s t s  indicated that fur ther  tes ts  with variation of tube inclination w e r e  
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needed a t  higher condensing flow ra t e s .  
fied in o r d e r  to vary  the angle of tes t  section inclination f rom a vertical  
upflow position (t90") to a vertical downflow position ( -90") .  
different metal  tube t e s t  sections with inside d iameters  of 0. 180, 
0.305, and 0.430 inch w e r e  used to determine the effects of tube dia- 
me te r  on p res su re  fluctuations. A tapered-diameter  t e s t  section was 
a l so  constructed to determine whether decreasing the cross-sect ional  
area as the vapor condensed could reduce p r e s s u r e  oscillations. 
other test sections with inser t s  w e r e  a l so  tes ted in an attempt to dis- 
cover  methods of overcoming slugging within a condenser tube. 

Therefore,  the r ig  was modi- 

Three 

Three 

Tables 2 through 8 contain the test conditions of the different single- 
metal-tube tests. Each configuration was tes ted at two different con- 
densing s team flow rates to determine the effect of velocity on p res -  
s u r e  oscillations. Also, in  the lower condensing flow r a t e  t e s t s ,  two 
different coolant flow ra tes  were  used to determine the effects of that 
variable.  
mately 50 psia. The condensed liquid a t  the exit of the tube was sub- 
cooled between 100 and 2 0 0 ° F  for these tes t s .  
of any effects caused by the different magnitudes of subcooling a t  the 
tube exit on the slugging phenomenon. 

All tes ts  were  run a t  a tube inlet static p r e s s u r e  of approxi- 

There  was no evidence 

Figure 11 contains plots of the average magnitude of p r e s s u r e  oscil la- 
tion in the tube exit versus  the angle of tube inclination for the 0. 18- 
inch inside diameter  tube tes t s  and for  the different tes t  conditions shown 
in Table 2. This average magnitude of p r e s s u r e  oscillation was ob- 
tained by  calculating the difference 
minimum pres su res  for a number of t imes  and averaging this difference. 
An adequate number of differences was selected to make the average 
insensitive to the number selected. 
indicates that the magnitude of oscillation 
orientation and the magnitude of oscillation increased  as the tube angle 
of inclination was ra i sed  o r  lowered. These three curves  indicate that 
the condensing flow ra t e  had a large effect upon the magnitude of p re s -  
s u r e  oscillation, whereas coolant flow ra te  had only a slight effect. 
Also,  a t  downhill slopes and a t  the level positions, oscillations were 
ei ther  infinitesimal o r  small for  the low condensing flow ra te  of 0.0035 
l b / s e c  and either cooling flow rate.  An increase  in slope upward in- 
c r eased  the magnitude of oscillation. 

between the peak and adjacent 

The high condensing flow curve  
was minimum in  the level 

F igure  12 shows the magnitude of p r e s s u r e  oscillation in  the inlet header.  
The p res su re  oscillations at the inlet were  considerably lower in mag- 
nitude than those a t  the exit. Apparently the oscillations a r e  damped 
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by the uncondensed vapor contained in the small-diameter  tube upstream 
of the location where the slugging occurred.  

Figure 13 contains typical curves of p r e s s u r e  a t  the tube exit versus  
t ime for the high condensing flow t es t s .  
curves  of tes t s  with the low condensing flow of 0.0035 l b / s e c  and a 
coolant flow of 0.80 lb / sec .  
flow and a coolant flow of 0.36 lb/sec w e r e  s imi la r  to those shown in 
Figure 14. 

Figure 14 contains s imi la r  

The tes t  resu l t s  for the low condensing 

Curves of average magnitude of p re s su re  oscillation versus  angle of 
inclination a t  the exit and inlet of the 0.305-inch inside diameter tubes 
a r e  shown in Figures  15 and 16 with the tes t  conditions shown in Table 
3. The same  type curves for  the 0.430-inch inside diameter tube a r e  
shown in Figures 17 and 18 with tes t  conditions shown in Table 4. The 
high condensing flow ra tes  for  each of these two t es t  sections resul ted 
in approximately the same inlet s team velocity a s  did the two se t s  of 
tes t s  a t  the lower condensing flow r a t e s .  
high and low s team inlet velocities for  these two t es t  sections w e r e  
s imi la r .  Also, the magnitude of p r e s s u r e  oscillation a t  the inlet 
w a s  s imi la r  to that a t  the exit for  each configuration. This resu l t  
w a s  considerably different from that for the 0. 180-inch inside diameter 
tube tes ts .  The l a rge r  diameters coupled with the probability that the 
condensing lengths a r e  shorter  could explain why the oscillations were  
not damped a t  the inlets in these tes ts .  In general ,  the magnitude of 
p r e s s u r e  oscillation decreased a s  the angle of inclination decreased. 

The curves a t  the respective 

Typical p re s su re  versus  t ime curves for  the 0.430-inch inside diameter 
tube tes t s  a r e  shown in Figures 19 and 20. 
for high condensing flow and those of Figure 20 for  low condensing flow, 
high coolant flow. 
resu l t s  were  s imi la r  to those shown in Figure 20. 
0. 305-inch inside diameter tes t  section were  a l so  s imi la r  to these 
curves a t  the corresponding test  conditions of coolant flow and inlet 
s team velocity. 

The Figure 19 curves a r e  

At the low condensing flow, low coolant flow, the 
The resul ts  for  the 

Significantly, a t  an angle of inclination of -90°, the p r e s s u r e  osci l la-  
tions were  relatively small  and increased rapidly a s  the angle of in- 
clination increased. This trend is much Zifferant f r o m  that indicated 
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for  the high condensing flow tests in the 0. 180-inch inside diameter  tube 
a t  approximately the s a m e  inlet s team velocity. 
possible diameter effect upon slugging. 

This indicates a 

Most of the downflow tests indicated some pressure  oscillation even 
though the magnitude was small .  This  resul t  indicates that slugging 
is likely to  occur under ze ro  gravity conditions i f  an  annular flow 
pattern ex is t s  within the condensing tube. Since the condensing film 
would tend to be thinner i n  the downflow case because of the effect of 
gravity,  slugging would be more likely to  occur under ze ro  gravity.  

One concept for decreasing o r  eliminating slugging is to induce a tan- 
gential velocity component in the condensing fluid to prevent t r ansve r se  
waves f rom being produced in the condensate layer .  Thus, a twisted 
tape o r  swir le r  w a s  inser ted in  the 0.430-inch inside diameter tube to 
induce a tangential velocity in the condensing fluid. A s e r i e s  of t e s t s  
was run  on this configuration at the t e s t  conditions shown in Table 5. 
Figures  21 and 22 show average magnitude of p r e s s u r e  oscillation 
versus  angle of tube inclination at the tube exit and inlet for this test 
section. A comparison of Figure 21 with Figure 17 shows that the 
tendency of the swir le r  was to reduce the magnitude of p r e s s u r e  osci l -  
lation at the tube exit for the tests with upflow angles of inclination, 
but had l i t t le o r  no adverse  effect for tests with level o r  downflow 
orientations.  A comparison of Figures 22 and 18 indicates that the 
swir le r  h a s  a much g rea t e r  effect i n  reducing the magnitude of p r e s -  
su re  oscillation at the tube inlet. This  is probably due to  a damping 
effect of the swir le r  on the t ransmission of pressure  oscillations along 
the tube in the two-phase region. 

Figure 2 3  shows typical curves  of p r e s s u r e  at the tube exit versus  t ime 
at the high condensing flow rate .  

Another concept for decreasing o r  eliminating slugging is to provide 
solid boundaries to contain the condensate film and thus prevent waves 
f r o m  growing to form slugs.  In order  to tes t  this concept, two t e s t  
sections were  constructed by inserting a 3 /  16-inch outside diameter 
tube into the 0.430-inch inside diameter condensing tuhe. Slots were  
cut into one inser t  tube while the other was left solid. These sections 
were  tested only in the level orientation. Tes t s  on the slotted inser t  
section showed no p r e s s u r e  oscillations for  long periods (5 minutes 
o r  more!. However, occasionally oscillations would occur. Fiullres b -- 
24 and 25 show typical curves  of p r e s s u r e  a t  the tube exit 
t ime for  two flow conditions, during periods of calm and periods of 
oscillation. The tes t  conditions a r e  shown in Table 7. 

ver sus  
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During the periods of oscillation, the magnitude of p r e s s u r e  oscillation 
of the slotted inser t  t es t  section showed improvement over the plain 
0.430-inch inside diameter tube without swir le r  section for s imi la r  
flow conditions. 

The nonslotted inser t  tes t  section a l s D  showed improvement over the 
0.430-inch inside diameter tube without swir le r  section. 
shows typical curves  of pressure in the tube exit versus  t ime for three 
different test conditions shown in Table 6. 

Figure 26 

A tapered-diameter tube tes t  section was a l so  tes ted to determine 
whether decreasing the tube diameter as the condensate film increases  
could reduce the slugging. Figures 27 and 28 show curves  of magni- 
tude of p re s su re  oscillation in the tube exit and inlet as a function of 
angle of tube inclination. Test  conditions a r e  presented in Table 8. 
Since diameter and velocity varied over a wide range along the t e s t  
section, it is difficult to compare these curves directly with the other 
t e s t  sections.  
not produce very favorable results in reducing p res su re  oscillations. 

However, i t  appears that the tapered t e s t  section did 

In some tes t s  on the tapered tube, the p r e s s u r e  fluctuations measured  
at the inlet w e r e  grea te r  than those measured  at the exit. Apparently, 
the slugging occurred  at such a point that the diminishing diameter  
over  a relatively long length aided in damping the magnitude a t  the exit 
for  these cases .  
tube exit versus  time for one test condition. 

Figure 29 shows typical curves  of p r e s s u r e  in the 

C .  Simulated Shell- Tube Configurations 

A t e s t  section was constructed to s imulate  a shell-tube type condenser 
with the condensing flow inside of the tubes. 
is  presently considered the most likely type to be used in an indirect-  
condensing Rankine cycle space powerplant. 
liquid coolant flows in one or  more  radiator loops to absorb the heat 
re jected by the Rankine cycle working fluid in one o r  m o r e  condensers.  
This heat is  then rejected to space from the rad ia tors .  

This type of condenser 

In such a powerplant, a 

The coolant for any condenser can either:  
dist inct  radiator loop (single-loop condenser)  ( s e e  sketch),  o r  2 )  be 
provided frnrr .  severa l  radiatnr I m p s  by segment ing the cnndenser shell  
s ide  (multi loop condenser) ( s e e  sketch).  Since each coolant loop is 
associated with a distinct radiator segment,  a radiator puncture would 

1) be provided from one 
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resul t  in no heat being rejected from the Rankine cycle  working fluid of 
a single-loop condenser,  but would resul t  in a t  l ea s t  partial  condensa- 
tion of the working fluid in a multiloop condenser.  

POWER- LOOP 
VAPOR INLET 

COOLANT LINE 

RAMATOR 

RADIATION TO SPACE 
Single -Loop Condenser System 

,SEGMENTED -SHELL CONDENSER 

powER-L0oP 
CONDENSATE- 

OUTLET 

COOLANT 
PUMP 

POWER-LOOP 

COOLANT UNE 

s s s 
RADIATION TO SPACE 

Multlloop Condenser Sys tem 

In o rde r  to investigate effects from los s  of coolant to either single-loop 
o r  multiloop condensers ,  the test  section was constructed with the 
cooling jacket 
ments. 
jackets f rom each tube w e r e  connected in s e r i e s  (parallel-to-tube 
cooling arrangement)  ( s e e  sketch). 
the f i r s t  axial segments of each one of the cooling jacket segments 

of each condensing tube divided into three  axial seg-  
In o rde r  to simulate single loop condensers ,  the three  cooling 

To simulate multiloop condensers ,  

U - - n O - d l = = ,  4 
Para l le l - to-Tube  Cooling Arrangement  to Simulate Single -Loop Condenser  

w e r e  connected in se r i e s .  
axial  segments (across- tube cooling a r rangement )  ( s e e  sketch).  
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TO DRAIN 

COOLANT WATER ' 
INLET 

A c r o s s - T u b e  C o o l i n g  A r r a n g e m e n t  to S i m u l a t e  Multiloop C o n d e n s e r  

either cooling arrangement  there w e r e  th ree  distinct cooling l ines with 
a three-way valve in each l ine,  in o rde r  to bypass the coolant f rom the 
cooling jackets directly to the drain. 

The test procedure was first to set the approximate conditions of con- 
densing flow per  tube at 0.020 lb /sec ,  coolant flow per  l ine a t  0 .81 
l b / s e c ,  and tube inlet static pressure  at 50 psia ,  and then to bypass 
the coolant f rom one of the cooling l ines .  
valve was reopened. The cooling water  trapped in the cooling annulus 
could boil off s ince the l ine was open to the drain. 
ments  w e r e  made of tube exit p re s su res ,  inlet manifold p r e s s u r e ,  exit 
manifold p re s su re ,  and four condensing fluid temperatures  f rom each 
tube. 

After about 25 seconds,  the 

Transient measure-  

Three different t e s t  section orientations were  used in this s e r i e s .  
They were:  
2 )  tube axes horizontal, tubes arranged in the horizontal plane, and 
3)  tube axes vertical .  
some  tes t s .  Also, two different s ize  inlet headers  w e r e  used. Table 
9 contains a l i s t  of the different tests run using the simulated shell-tube 
configuration. Tables 10 through 32 contain the values of exit manifold 
p r e s s u r e  level,  magnitude of p re s su re  oscillation a t  various locations, 
and tempera ture  levels  of the 12 thermocouples as a function of time, 
for each  tes t .  

1) tube axes horizontal, tubes stacked in the ver t ical  plane, 

Orifices were installed in the tube exits for 

P r i o r  to bypassing the flow from a coolant l ine,  all tes t s  exhibited 
p r e s s u r e  oscillations which had an average  magnitude between 2 psi  
and 10 psi ,  caused by slugging flow. 

The t e s t s  with the across- tube cooling arrangement  showed different 
effects when each cf t h e  three ccol ing sections was shut off. Xowever, 
no l a r g e  effects were  seen from the two different tes t  section or ien-  
tations,  f rom the two different-sized headers ,  nor f rom the presence  
o r  absence of orifices in the tube exits. Therefore,  a discussion of 
Tes ts  Nos .  . 9 .  07, 9 .  08, and 9.09 can bes t  show the effects of shutting 
off each - cooling section on the p re s su re  level ,  the magnitude of osci l -  
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lation, and the tempera ture  profile as a function of t ime. All of these 
tes t s  were  run with the tube axes horizontal and with the tubes stacked 
in the horizontal plane. 

Figure 30 shows the p r e s s u r e  level in the exit manifold versus  t ime 
for these three  t e s t s .  
sections neares t  the inlet manifold, the p r e s s u r e  level r o s e  sharply 
and then decreased to approximately the initial level.  Removing the 
cooling f rom the f i r s t  third of a tube tends to increase  the vapor inven- 
to ry  of each tube, and-thus decrease the liquid inventory. However, 
the condensate flow a c r o s s  the exit valve (fixed setting during this tes t )  
would remain the s a m e  unless the p r e s s u r e  upstream of the valve 
increased.  Since the incoming vapor cannot be  condensed a t  the initial 
p r e s s u r e  until the final liquid-vapor interface has  moved far enough 
downstream, there  is a p res su re  buildup. As the final liquid-vapor 
interface moves downstream towards i ts  new equilibrium location, 
complete vapor condensation can again occur a t  a lower p r e s s u r e  and 
the needed reduction of liquid inventory decreases ,  thus the p r e s s u r e  
decreases  until equilibrium is obtained. 
reopened, the r e v e r s e  procedure occurred. 

When the coolant was bypassed from the cooling 

When the coolant valve was 

For  the run in which the coolant w a s  bypassed from the middle sections,  
the variation of p r e s s u r e  was similar but not as l a rge  s ince the final 
liquid-vapor interface was probably located near  the beginning of this 
section. 
fold only decreased the level of subcooling, and therefore  did not in- 
c r e a s e  the vapor inventory. Thus, the p re s su re  level remained v i r -  
tually constant for this case .  

Removing the cooling from the sections neares t  the exit mani- 

F igure  31 shows the effects of shutting off the coolant to each of the 
th ree  sections on magnitude of pressure  oscillation. , For  the f i r s t  
sections,  the effect was to decrease the magnitude of oscillation con- 
s iderably while there  was no discernible effect for the third section. 

The magnitude of oscillation was highly sporadic for the middle section 
c a s e .  Typical curves  of pressure  in the exit header versus  t ime dur-  
ing the periods of coolant shutoff for Tests 9 .  07 and 9.08 a r e  shown in 
Figures  32 and 33. 

The temperature  profile a s  a function of t ime for  the c a s e  where  the 
coolant to the f i r s t  section was shut off is shown in Figure 34. 
Tz, and T3 were  located at the inlets of the three  tubes and indica-ted 
saturat ion tempera tures .  
imately corresponded to changes of saturation temperature  with var i -  
ations of pressure  level,  
the first and second cooling sections of the three  branches,  tended to 

T I ,  

Variation of these three  temperatures  approx- 

T4, T5, and Tg, which were  located between 
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va ry  as the p r e s s u r e  var ied with the exception of T6 during the first 
few seconds.  
located upstream of T6 while the interfaces in Tube 2 and Tube 3 w e r e  
located downstream of T4 and T5. Shortly a f te r  the coolant was shut 
off, T6 was at saturation temperature which indicates the final inter-  
face moved downstream of T6. 

The final liquid-vapor interface in Tube 1 was probably 

n 

I 
i 
I 
1 

T7, T8, and T9 indicated that the flow was not evenly distributed 
amongst the th ree  tubes as did Tlo, T11, and T12. Apparently, Tube 
2 had the highest condensing flow while Tube 1 had the lowest. 
a l so  confirms the conclusion concerning the interface locations men- 
tioned in the preceding paragraph. 
f rom Figures  35 and 36 when each of the other two cooling sections 
w a s  shut off. However, the flow maldistribution did not a l te r  the 
g ross  effects of the tes t s .  
36 indicate the t ransient  shifting of the final liquid-vapor interface 
with respect  to that thermocouple. 
the shor t  t ime span indicate 
liquid-vapor interface. 

This 

Similar conclusions can be  obtained 

Large variations of T6 in Figures  35 and 

The l a r g e  tempera ture  changes in 
the rapid motion undergone by the final 

In o rde r  to i l lustrate  the effect  of vertical  stacking as opposed to hor i -  
zontal stacking, Figures  37, 38, and 39 show mean p res su re  level in 
the exit manifold, magnitude of pressure  oscillation in the exit mani- 
fold, and the 12 temperature  levels, all as functions of t ime for Test  
No. 9. 02. 
corresponding curves  for Tes t  No. 9. 08 which had horizontal stacking. 
The tempera ture  versus  t ime curves w e r e  fair ly  s imi la r  except that 
the final liquid-vapor interface of Tube 1 (bottom tube) f rom Test 9. 02 
was located upstream of T3 for a portion of that tes t .  
the liquid head in the exit manifold forced the liquid-vapor interface 
upstream in the bottom tube. The magnitude of oscillation w a s  re- 
latively low at 2 psi  o r  l e s s  throughout the period the coolant was  
shut off inTest 9.02, where  for Test 9 .08 the magnitude of oscillation 
occasionally was as high as 7 psi. 
ences between data f rom Tes ts  9.02 and 9.08,  the main trends w e r e  
similar. 

F igures  40, 41 and 42 show mean p r e s s u r e  level in the exit header ,  
magnitude of p re s su re  oscillation in the exit header and the 12 temp- 
e ra tu re  levelsversus t ime for Test 9. 11. 
horizontal stacking, across- tube cooling, and exit or i f ices .  Figure 
43 shows a typical curve  of pressure iii the exit header versus t i ~ i e  
during a period the coolant was shut off to the middle sections.  
f igures  can  b e  compared to those for Test  9. 08 to show that inserting 
0. 1-inch diameter or i f ices  in the tube exits had virtually no effect on 
test resul ts  for across- tube cooling. 

This tes t  had vertical  stacking and can  be  compared to the 

This shows that 

Although there  were  some differ- 

This tes t  had horizontal tubes, 

These 

Throughout all of these tes t s  the 
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tube exits contained liquid, and therefore the use  of or i f ices  to reduce 
vapor flow into the exit manifold w a s  not needed. 
a c r o s s  the or i f ice  was approximately 0.7 ps i  for a liquid flow of 0 .021  
lb / sec  per tube. This p r e s s u r e  loss  can  be  compared with an  estimated 
total p r e s s u r e  l o s s  between manifolds of 0 .6  psi based  on previous run-  
ning. 
showed t rends s imi la r  to those indicated by this discussion. 

The p r e s s u r e  drop 

Other tes t s  with the across-tube cooling and with exit orifices 

In cont ras t  to the across- tube cooling arrangement ,  the parallel-to- 
tube cooling arrangement  showed l a rge  effects as to whether o r  not 
or i f ices  were  inser ted  in the tube exits,  and whether the tubes were  
stacked in the vertical  o r  horizontal plane. Figure 44 shows the ef- 
fects of ver t ical  stacking on magnitude of p r e s s u r e  oscillation in the 
inlet and exit manifolds when coolant to the middle tube and to the 
bottom tube was  shut off,without or i f ices  in the tube exi ts .  
nitude of oscillation increased greatly when coolant flow to the middle 
tube was stopped, whereas  l i t t le change occurred  for  the c a s e  when 
coolant to the bottom tube was shut off. 
s u r e  levels in the exit manifold f o r  these two t es t s  increased  a f te r  the 
valve was closed, and then decreased to a fair ly  constant level indicating 
the effects of increased vapor inventory. Figure 46 shows a typical  
cu rve  of p r e s s u r e  in the exit header during a per iod when coolant to 
the middle tube was shut off. Violent p r e s s u r e  changes were  occur- 
ring approximately every 0 . 2  second. 

The mag- 

Figure 45 shows that the p r e s -  

The tempera ture  versus  t ime curves for these two t e s t s ,  Figures  47 
and 48,indicate that the vapor entered the exit manifold for the t e s t  
when the coolant to the middle tube was shut off (Test  No. 9. 16), but 
did not for  the tes t  when the coolant to  the bottom tube was shut off 
(Tes t  No. 9. 17). 
apparently caused the violent oscillations which occurred in Tes t  
No. 9. 16. 
ently prevented vapor f rom entering the exit manifold when coolant 
to the bottom tube was shut off. 
bottom tube shifted upstream and returned downstream of T6 as equi- 
l ibr ium was reached. 
was  located upstream of T6 a t  the beginning of the tes t  and then shifted 
downstream of T6 after the coolant was shut off. 
in Tes t  No. 9. 16 indicated that this thermocouple, located a t  the exit 
of the middle tube, was alternately exposed to subcooled liquid temp- 
e r a t u r e s  and saturation temperatures during the per iod when coolant 
to that tube was  shut off. 
exhibited no l a r g e  changes in temperature throughout e i ther  tes t .  
though the tempera ture  level curves presented in this r epor t  do not 
show very  rapid fluctuations in temperature,  small variations were  
indicated in oscillograph t r aces .  
general ly  when p r e s s u r e  fluctuations occurred.  

Rapid condensation of vapor in the exit manifold 

The effect of the liquid head in the exit manifold appar -  

F o r  Tes t  9. 16 the interface in the 

For  Test 9 .  17 the interface in the bottom tube 

The curve  for T i 1  

The thermocouples located in the cooled tubes 
Al- 

These rapid fluctuations w e r e  present  
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Figures  49 and 50 show mean pressure  level and magnitude of p r e s s u r e  
oscillation in the exit manifold for Tests  9. 19 and 9.20. These tes t s  
had conditions similar to those for Tes ts  9. 16 and 9.  17, respectively,  
except that  0. 1-inch diameter orifices were  inser ted  in the tube exits. 
Tests  9. 17 and 9.20 for which the coolant to the bottom tube was shut 
off showed similar effects on pressure  level and magnitude of oscil la- 
tion. Also, the temperature  level curves  for Test  9.20, Figure 5,  
w e r e  very  s imi la r  to those for  Test 9. 17. Both showed that the end of 
the bottom tube contained subcooled liquid throughout the per iod coolant 
to that tube was shut off. However, resu l t s  for Tes t  9. 19 for which 
coolant to the middle tube was shut off showed that the magnitude of p r e s -  
s u r e  oscillation was as high as that for Test  9 .  16 only for br ief  periods,  
and w a s  considerably lower except during these periods.  Figure 52 
shows a typical curve  of pressure  in the exit manifold versus  t ime for 
Test  9.  19 during a period in which high magnitude oscillations occurred.  
The tempera ture  level curves  for Test  9 .  19, Figure 53, were  similar 
for  those of Test  9. 16 except for lack of l a rge  variations in T11. Ap- 
parently the orifices used in Test 9 .  19 prevented liquid from reentering 
the middle tube once the coolant w a s  shut off. 

Figures  54 through 57 a r e  curves for  Test  9 .23  in which the tube axes 
w e r e  vertical  with downflow, the middle tube coolant was shut off, and 
orifices w e r e  present in the tube exits. 
Figure 54,  indicates the same  type of r i s e  and fall as the other tes t s  
exhibited when vapor inventory was changed. 
s u r e  oscillation was relatively low as shown in Figure 55. A typical 
curve  of p r e s s u r e  level during the coolant shutoff period is shown in 
Figure 56. The temperature  level curves ,  Figure 57, show that during 
the period coolant to the middle tube was shut off, vapor f rom that tube 
did not enter the exit manifold. 
with resu l t s  f rom the 0.43-inch inside diameter single tube in the down- 
flow orientation. 

The p r e s s u r e  level curve,  

The magnitude of p r e s -  

The low magnitude 0.f oscillation conforms 

D. Simulated Condensing-Radiator Configuration 

Most radiators  considered for space application employ a long inlet 
manifold with tubes branching off a t  right angles to  the manifold flow 
direction. The manifolds for this type heat exchanger have a l a r g e  
aspect  ra t io  whereas the manifolds feeding the tubes of a shell-tube 
type heat exchanger a r e  shor t  and wide. Also, the tubes quite often 
branch  off in the direction of manifold flow for the sheii-tube heat ex 
changer.  The metal  branch configuration descr ibed above simulates 
the radiator  type condenser.  

Tes ts  were  performed using this configuration oriented with the mani- 
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fold axes ver t ical  and the tube axes horizontal to determine under what 
c i rcumstances the liquid head in the exit manifold could cause  flow re -  
versa l  in the bottom tube, and any associated p r e s s u r e  oscillations o r  
instabilities that might resul t .  
condensing flow rate and to  take transient measurements  of tempera ture  
f r o m  a thermocouple installed at the inlet of each tube. 
dure  was repeated for  a s e r i e s  of tes t s  with changes in condensing 
flow. Table 33 contains the tes t  data for this s e r i e s .  
s u r e  in the tube inlets was  approximately 50 psia for these t e s t s .  

The tes t  procedure was to establish a 

This proce-  

The static p r e s -  

Figure 58 shows the curves of temperature at tube inlets versus  con-  
densing steam flow. 
tempera tures  a t  their  inlets throughout the ent i re  flow range.  
the curve  for the bottom tube shows a sha rp  shift f rom saturated vapor 
tempera ture  to  subcooled liquid temperature  as the total flow was 
lowered. 
indicated that liquid backflow occurred in the bottom tube. 

The top and middle tubes indicated saturated 
However, 

The subcooled liquid temperature a t  the bottom tube inlet 

An analysis was made in o rde r  to i l lustrate  the effect of liquid head in 
the exit manifold and the pressure  lo s s  f rom inlet manifold to exit 
manifold on this flow reve r sa l .  
flow distribution between the tubes must  b e  determined and this in turn  
depends upon the p r e s s u r e  distribution. 
inlet manifold can  b e  considered uniform since the header was  r e l a -  
tively l a rge  and contained only vapor. However, the static p r e s s u r e  
a t  the exit of each tube was different due to the liquid head in the co l -  
l ec tor .  Therefore,  the p re s su re  differential  between header and 
collector of the bottom tube was six inches of water  grea te r  than that 
of the middle and twelve inches of water  g rea t e r  than that of the top 
tube. 

In order  to  analyze the problem, the 

The static p r e s s u r e  in the 

F igure  59 shows how p r e s s u r e  difference f rom header to collector 
va r i e s  with flow for tes t  conditions very close to those used in this 
s e r i e s  of tes t s .  
Volume 2 of Report  PWA-2227 (Figure 2 3 ) ,  and was taken for a single 
tube installed in the  same  inlet and exit manifolds. 

The original data for this curve  is contained in 

Total flow ra t e s  fo r  two points of interest  can  now be determined. The 
first point is the point of minimum pres su re  difference between header 
and collector for the bottom tube. 
s u r e  difference of -1 .0  inch at a condensing flow of 0 .001  lb / sec .  If 
this were  the c a s e  in the bottom tube, then the flow in the middle and 
top tubes could b e  determined by adding the collector head effect to 
this p re s su re  difference and would be  0.0032 and 0.0040 lb / sec  r e -  
spectively. The total flow would then b e  0. 0082 lb / sec .  

Figure 59 shows a minimum p r e s -  

This is 
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approximately the total flow where the temperature  versus  flow curve  
for the f i r s t  tube s t a r t s  to drop (Figure 58). 

A s imi la r  analysis shows that when no flow occurs  in the bottom tube, 
the total flow for the other two tubes would be approximately 0.0075 
l b / s e c  which is a l so  c lose  to the flow value a t  which the temperature  
vs flow curve  of the bottom tube s t a r t s  to drop. 
concluded that the liquid head in the exit manifold caused the flow 
reve r sa l  in the bottom tube as flow was decreased.  

Therefore,  it can be  

Transient measurements  of pressure  in the exit manifold were  a l so  
recorded for these tes t s .  Figure 60 shows that the average magni- 
tude of p re s su re  oscillation in the exit manifold did not vary great ly  
with condensing-flow ra te .  
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V. SUMMARY OF RESULTS 

The following section summarizes the main effects observed f rom the 
tes t  resu l t s  : 

A. Glass-Tube Configuration 

The violent pulsing observed by eye and through p res su re  t ransducer  
recordings is caused by slugging. A slight uphill slope increased the 
frequency of slugging and a slight downhill slope practically eliminated 
slugging for the low condensing-flow ra t e s  used. 

B. Sinele-Metal-Tube Configuration 

The following effects of inclination angle, tube taper ,  a swir le r  inser t ,  
and concentric tube inser t s  on pressure  fluctuation were  determined 
from the single tube tes ts :  

1. Angle of Tube Inclination 

In general ,  p ressure  fluctuations increased in the single-tube 
configurations a s  the angle of tube inclination increased f rom 90" 
downflow to 90" upflow. The high condensing-flow ra t e  in the 
smal les t  diameter tube tested (0. 180-inch inside diameter)  w a s  
an exception to this observation. 
tuations were  a minimum at 0 "  inclination. 

In this ca se  the p r e s s u r e  fluc- 

2.  Tube Taper 

The tapered tube did not show any la rge  tendency to reduce fluc- 
tuations in  comparison with the constant-diameter tubes. 

3. Swirler Inser t  

A swir le r  inser ted into the condenser tube reduced the level of 
p re s  su re  fluctuation with upflow inclinations. 

4. Concentric Tube Inserts 

A concentric slotted tube inserted in the condensing passage 
eliminated fluctuations .for considerable periods of t ime,  but 
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fluctuations occurred  occasionally. 
without slots a lso reduced fluctuations, but not as effectively as 
the slotted one. 

A similar tubular i n se r t  

C. Simulated Shell- Tube Configuration 

The two different cooling arrangements  showed different effects of 
t e s t  section orientation and use of o r i f ices  in the tube exits,  as 
follow s : 

1. Across-Tube Cooling Arrangement 

Similar  resu l t s  were  obtained for  all arrangements  tested.  The 
following a r e  the test arrangements:  tube axes horizontal, tubes 
stacked in the ver t ical  plane both with and without or i f ices;  tube 
axes horizontal, tubes arranged in the horizontal plane both with 
and without or i f ices ;  a smaller inlet header was a l so  tes ted with 
orifices in tube exits. 

However, the resu l t s  varied with the par t icular  cooling sections 
shut off. 

a)  Sections Nearest  Inlet Header - P r e s s u r e  oscillations in 
the exit manifold a t  a n  approximate p re s su re  level of 50 psia 
reduced from the 2 to 10 psi associated with slugging prior to 
shutoff to 0 to 5 psi when the coolant was shut off. No vapor 
entered the exit header.  
ed, reflecting a change in the vapor inventory. 

P r e s s u r e  level r o s e  and then dec reas -  

b )  
cally between 0 and 10 psi a t  an approximate p re s su re  level of 
50 ps i a .  
r o s e  and then decreased, reflecting a change in the vapor in- 
ventory. 

Middle Sections - P r e s s u r e  oscillations var ied sporadi-  

No vapor entered the exit header .  The p res su re  level 

c )  
occurred.  
a t  an  approximate pressure level of 50 psia. 
t e r ed  the exit header.  
the l a s t  coolant section oniy subcooied the condensate and loss 
of subcooling has very small  effect upon p res su re  lo s ses .  

Sections Nearest  Exit Header - No appreciable changes 
P r e s s u r e  oscillations w e r e  between 4 and 10 psi 

No vapor en- 
These resu l t s  could be  expected since 
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2. Parallel-to-Tube Cooling Arrangement 

a) Tube Axes Horizontal, Tubes Stacked in Vert ical  Plane 

1) Without orifices in tube exits - When coolant to the 
three sections cooling the middle tube was shut off, 
p re s su re  oscillations increased  f rom the 2 to 10 ps i  
associated with slugging pr ior  to shutoff,to 30 to 35 ps i  
at a p res su re  level of 50 psia. Temperature  measu re -  
ments indicated that s team was entering the exit manifold 
f rom the middle tube. P r e s s u r e  level r o s e  and then 
decreased,  reflecting a change in the vapor inventory. 

When coolant to the three sections cooling the bottom 
tube w a s  shut off, the p r e s s u r e  oscillations remained 
between 4 and 10 psi. Temperature  measurements  
indicated that vapor did not enter  the exit manifold. The 
liquid head in the exit manifold w a s  apparently high 
enough to maintain liquid in the bottom tube, but not high 
enough for the same re su l t  to occur in the middle tube. 

2 )  With orifices in tube exits - When coolant to e i ther  
the top o r  middle tubes was shut off, p r e s s u r e  oscillations 
were  between 2 and 16 psi. 
indicated that vapor f rom the uncooled tubes was entering 
the exit manifold. 

Temperature  measurements  

When coolant to the bottom tube w a s  shut off, p re s su re  
oscillations remained between 4 and 10 ps i  as before 
coolant shut off. No vapor entered the exit  manifold. 

b )  Tube Axes Horizontal, Tubes Arranged in Horizontal Plane 

1) Without orifices in tube exits - The coolant to the 
middle tube w a s  shut off and the resu l t s  were  similar to 
the case  mentioned above where the coolant to the middle 
tube was shut off,for ver t ica l  stacking,without or i f ices  
in the tube exits.  
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2 )  With or i f ices  in  tube exits - The coolant to the middle 
tube was shut off and the resu l t s  were  s imi la r  to the case  
mentioned above where the coolant to the middle tube was 
shut off,for vertical stacking,with or i f ices  in the tube exits. 

c )  Tube Axes Vertical (With Orifices in Tube Exits)  - When 
the coolant to the middle tube w a s  shut off, p re s su re  oscil la- 
tions were  between 4 and 10 psi .  
indicated that vapor did not enter  the exit manifold. 
head of the condensate f rom the two cooled tubes was apparently 
sufficient to maintain liquid in the uncooled tube. 
su re  level ro se  and then decreased,  reflecting a change in the 
vapor inventory. 

Temperature  measurements  
The liquid 

The p res -  

D. Simulated Condensing -Radiator Configuration 

The t e s t s  with this configuration indicated that p re s su re  due to  liquid 
head in  the exit manifold can cause backflow. An analysis  indicated 
that the approximate value of flow r a t e  where backflow in a tube can 
occur ,  can be est imated f rom the pressure  lo s s  ve r sus  flow data meas-  
ured in  single-tube tes t s .  
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VI. CONCLUSIONS 

The main conclusions drawn from this study are :  1 
I 
I 
1 

I 
I 

1 
I 

A. Slugging is likely to occur inside tubes in ze ro  gravi ty  at high 
condensing rates since some slugging did occur in  downflow 
testing. Tube diameter ,  tube orientation and condensing flow 
rate affect the magnitude of pressure  oscillation 
The l a rge  p re s su re  oscillations associated with slugging may 
cause s t ruc tura l  problems in space powerplants and may cause 
pump cavitation. Techniques such as a la rge  p re s su re  drop occurring 
between the condenser and the pump may be required to overcome this 
problem . 

f rom slugging. 

B. The use of concentric tubular and twisted tape in se r t s  can  lower 
the p re s su re  oscillations caused by slugging. 
of reducing o r  eliminating oscillations should be investigated. 

Additional methods 

C. A meteoroid puncture in a radiator segment  which is responsible 
for cooling an ent i re  condenser can  r e su l t  in violent p r e s s u r e  
oscillations f rom the uncondensed vapor mixing with subcooled 
liquid in other par ts  of the system. 
might cause  pump cavitation and sys tem failure.  The use of o r i -  
fices in the condensing tube exits can  help minimize this effect. 
Fur ther  investigations a r e  needed to determine effects of magni- 
tude of subcooling on this problem. 

These p re s su re  oscillations 

D. The use of a segmented condenser in which all of the vapor 
passing through is condensed by seve ra l  radiator  loops would not 
r e su l t  in  ve ry  high pressure  oscillations when one of the rad ia tors  
is punctured,if adequate cooling capacity for complete condensa- 
tion is present.  

E. Large  flow maldistributions and even backflow can  occur in 
condensing radiators  when operated under the influence of gravity, 
i f  the radiator  is oriented w i t h  the exit  manifold vertical .  
effect is due to the pressure  variation in the exit  manifold caused  
by the condensed liquid head. 
appear to resu l t  in additional p r e s s u r e  oscillations. 

More seve re  slugging might occur  in condensers during ground 
tes t s  than in space operation. Thus c a r e  should be taken to p r e -  
vent se r ious  damage to the pump and system during such t e s t s  on 
space powerplants. 

This 

The flow maldistribution does not 

F. 
. 
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T e s t  
Number 

9.01 
9.02 
9.03 
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TABLE 9 

Table of T e s t s  For Simulated Shell-Tube Configurat ions 

Or i f i ce s  
Cooling In  Cooling Sect ion or 

Header  A r range m e  nt Orientation Tube Exi t  Tube Shut Off  

A c r o s s  Tubes  Tube Axes N o  Nearest Inlet  La rge  
Horizonta 1, Middle 
Vert ical  Stack N e a r e s t  Ex i t  

9 .04  A c r o s s  Tubes Tube Axes Yes f l e a r e s t  Inlet  L a r g e  
9 .05  Hor i zonta 1, Mi dd 1 e 
9 .06 Vert ical  Stack 
9.07 A c r o s s  Tubes  Tube Axes N o  N e a  r e  st Inlet  L a r g e  
9 .08  Horizontal, Middle 

Nea res t  Exi t  -- 

9 .09  Horizontal  Stack Nearest Ex i t  
9.10 A c r o s s  Tubes  Tube Axes Yes N e a r e s t  Inlet L a r g e  
9.11 Horizontal ,  Middle 
9 .12  
9 .13  A c r o s s  Tubes  Tube Axes Y e s  Nearest Inlet  Smal l  
9 . 1 4  Horizontal ,  Mi dd! e 

Horizontal  Stack Neares t  Ex i t  

9 .15  Horizontal  Stack Neares t  Ex i t  
9 .16 P a r a l l e l  t o  Tubes  Tube Axes N o  Middle L a r g e  

Horizontal ,  
9 .17 Vert ical  Stack Bottom 
9 .18  P a r a l l e l  t o  Tubes Tube Axes Y e s  TOP L a r g e  
9 .19  Horizontal  , Middle 
9 .20  Vert ical  Stack Bottom 
9 .21  P a r a l l e l  t o  Tubes  Tube Axes Y e s  Middle La rge  

Horizontal ,  
Horizontal  Stack 

Horizontal ,  
Horizontal  Stack 

-- - 
9.22 P a r a l l e l  t o  Tubes Tube Axes N o  Middle La rge  

9 .23  P a r a l l e l  t o  Tubes Tube Axes  Yes Middle La rge  
Vert ical  
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TABLE IO 

h t a  From Coolant Shutoff on Simulatrd Shell-Tube ConNRuratlonm. Temt No. Y . U I  

Tn LRY OCOU PI. E LOCATION9 Coaditlonm: I .  Cooling arrangement acr0.8 tube8 
TU= 2. No orifice. 

3. Tubr axem horizontal. tube8 stacked in vertiral plane 
4. 
5. 
6. 
7. Large inlet header 

Condenming mteam flow rale par tube prlor to mhuloff = 0.022 Iblmcc 
Cooling f low rate per tube prlor to #hutoff = 0.81 1blm.c 
Cooling mectlonr neareat Inlet header 8hut off 1 

t 
1 

Mapltude of Proaaure Omcillatlonm 
(P*i) Mean 

Prcaruro Mean Temperature & H I .  (‘F) 
Time Level Inlet Exit Tube I Tube 2 Tube 3 - 

(second.) (pain) Manifold Manifold Exit Exit Exit T I  TJ- -3 T4 T5 7 6  2 3 T9 a % 
0 35.5 8.0 4.5 7.0 13.0 6.0 313 305 304 280 290 203 112 190 114 120 161 100 
1.0 36.0 10.0 6.6 10.0 16.0 9.0 275 
2.0 38.2 10.5 8.1 10.0 20.0  9.5 313 306 305 283 294 208 172 194 115 119 157 104 

2.5 315 
2.9 2 04 
3.0 49.5 10.0 7.1 11.0 22.0 12.0 320 30 I 210 
3.1 225 
3.2 245 
3.21 ZSL 
3.25 256 
3.3 261 
4.0 49.0 9.5 7.5 13.5 19.5 12.0 322 312 313 301 311 313 164 199 117 118 150 IC6 
4.755 2 30 
4.78 289 
4.8 297 
4.85 289 
4.9 244 
5.0 47.0 8.0 4.0 11.0 18.0 10.5 299 224 
5.344 231 
5.385 286 
5.14 243 
5.675 2 38 
5.73 296 
5.85 235 
6.0 46.0 12.0 6.5 10.0 17.0 10.0 315 307 308 296 306 307 182 287 150 I18 146 113 
7.0 43.8 12.0 7.5 12.0 17.0 10.5 290 
8.0 42.9 9.0 6.1 9.0 10.0 7.5 309 302 306 290 299 303 I97 283 165 130 I75 115 
9.0 42.0 6.0 3.5 5.0 1 . 0  6.0 29 I 
9.5 309 

Valve Clomed 

10.0 40.5 5.0 3.2 5.0 1 . 0  5.0 313 304 306 286 298 299 206 292 171 132 190 122 
11.0 39.0 5.0 3.0 3.0 6.0 4.5 286 
12.0 37.6 7.5 4.5 6.5 7.5 6.0 315 306 306 283 293 295 206 286 176 145 186 132 
13.0 37.0 4.0 2.5 4.1 5.5 2.5 
14.0 37.5 7.5 4.2 5.5 8.5 6.0 315 304 305 280 285 293 207 281 172 149 177 123 
15.0 36.5 4.0 2.5 3.0 5.0 3.0 
16.0 37.0 7.0 4. 1 6.0 8.0 5.5 315 315 306 282 295 294 202 284 180 148 175 13C 
17.0 37.0 5.0 3. I 4.5 4.0 4.5 
18.0 35.0 3.0 2.6 4.0 5.0 3.0 315 306 304 279 300 298 213 284 178 147 188 134 
19.0 30.0 3.5 2.2 3.0 4.0 3.5 
19. I 131 

21.0 36.0 6.0 3.9 6.0 4.0 4.0 
22.0 36.5 5.0 4.1 5.0 5.0 5.0 316 308 307 280 285 300 203 281 163 151 189 130 
23.0 35.5 7.0 3.9 4.0 5.0 4.5 
24.0 34.5 8.0 4.3 5.0 7.0 5.5 315 306 305 274 281 300 202 275 164 141 175 123 
25.0 35.0 6.0 3.6 4.0 6.0 4.0 
25.6 175 
25.7 i i .3 i o 1  
25.8 295 
25.9 28 I 130 
26.0 27.5 9.5 3.9 2.0 6.0 6.5 312 304 303 266 275 211  210 210 136 143 185 123 

20.0 34.0 3.0 2.8 4.0 3.0 4.0 315 308 305 278 286 298 201  283 173 147 200 13s 
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Valve Rmownrd 
2b. 15- 
26.2 
26.33 
26.37 
26.4 
26.41  

21.0 11.5 

26.5 
26.55 c 21.0 21.0 . 
29.0 2 3 . 0  
m.0 21.5 

6.0 4.3 4.0 6.5 5.0 

8 .  5 6.4 7.0 1.0 6.0 
9.5 1 . 3  10.0 11.0 9.5 

6.0 5 . 1  4.0 1 .0  5.5 

PWA-2315 

Mean frrnperaturo t c w l r  ('t) 

2 69 
270 

263 
25 1 
251 263 
253 

25 I 

251  

306 245 247 250 183 
wr 300 291 za 256 253 119 281 152 1 3 3  i r r  122 
310 258 265 
112 304 301 265 272 212 168 184 156 I23 152 119 
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TABLE 11 

Data F r o m  Coolant dhutoff Temtm on Simulated Shell-Tube Codigurationm. Teat No. 9 - 0 2  

THERMOCOUPLE LOCATIOWI Condltlonr: I .  Coolin8 arrangement  acromm tube. 
TU8ES 2. No orilicem 

3 .  Tube axem horiaontal. tubem #tacked in verIlr.1 plane 
4 .  Condensing mtearn flow rate per tube pr ior  to mhutoff 0.022 lb/acc 
5 .  Cooling flow rate p r  tube pr io r  to mhutoff 0.81 lblmec 
6 .  Cooling mectiona #hut off - middle 
7. Large inlet header  

Magnitude of Premmurc Omclllatlonm 
(psi)  Mean 

Prea?vre 
Time Lcvel Inlet Exi t  Tube I Tube2 Tube 3 

(seconds) ( p s i g )  Manifold Manifold Exit Exi t  Exit 

0 36.0 
1 16.5 
2 55.0 
Valve Clomd 
3 
3.5 
4 . 0  
4.07 
4. 2 
4.5 
5.0 
5 . 2  
5 .3  
6 . 0  
6.145 
6.175 
6.89 
6.9 
7.C 
8 . 0  

lC.0 
10. I 
IC. I3 
IC. 17 

IC. 345 
10.38 
10.41 
10.45 
1 l .C  
12.0 
11.0 
14.0 
14.5 
14.75 
1 5 . 0  
16.0 
11.0 
18.0 
19.0 
2 0 . 0  
21.0 
22.0 

9 . n  

i r .  3 

$7.5 

i l . 0  

81.0 

39 .8  

34.5 
39 0 
38.11 
38.0 

37.3 
37.0 
36.0 
36.1 

37. c 
3 3 . 8  
36.0 
31.c 
32.5 
34.c 
33.c 
32.5 

Valve Reopened 
23.0 31.c 
23.52 
23.98 
24.0 24.5 
24.1 
i5.G 2 4 . 5  
26.0 2 7 . 0  
2 7 . 0  3 0 . 5  
2 8 . 0  32.0 

12 
11.5 
7 

0 

0 

0 

0 

0 
0 
0 
0 

0 
2 
3 
3 

2.5 
3.5 
3 
3.5 
3 
2.5 
3 
5.3 

4.9 

4 

0 
9 

10 
12 

6 . 1  
7.5 
5.0 

I .o 

0 

0 

0 

0 .8  
1.0  
0 
0.9 

1.1 
1.4 
1.8 
2 . 0  

1.4 
2.49 
1.9 
2.5 
2. I 
2.05 
2 . 0  
2.5 

2.5 

2.45 

: . E  
6.6 
7.1 
8.0  

9 .5  
12.5 
8.5 

0 

0 

0 

0 

0 
0 
0 
0 

0 
0 
4 
2.5 

0 
5 
3 
4 
3 
3.5 
3 
4.5 

3.5 

2.5 

0 
10 
12 
10 

15 
22. IS 
1 I  

0 

C 

0 

0 

0 
0 
0 
2.5 

0 
3.5 
5 .0  
4.5 

0 
6 
2.5 
3.5 
3.5 
2.6 
3.5 
I 

3 

3 

0 
9 
9.5 

12.3 

8.5 
IO 
7 

0 

0 

0 

0 

0 
0 
0 
0 

0 
1 
2.7 
2.7 

0 
4 
2.8  
3.5 
2.5 
3.0 
2.4  
3.0 

4.0 

3.0 

! ;25 
8 
7.8 
9 

Mean Tempera ture  Levelm ( ' C )  

L z L z L L L  
312 303 301 276 

3 1 1  304 301 278 

317 307 288 
289 
I80 
189 

210 
188 

194.5 
270 
263 
193 

317 306 287.5 

315.5 3Ob5 192 286 

315 307 192 285 
2c4 
273 
ii2 
200 
245 
227 
269.5 
20 3 

316 307.5 200 286 

316 307 192 284 
198 

187.5 
306 

315.5 308 303.5 286 

317 308 306 284 

314 306 305 280 

315 306 305 283 

L r L h  
286 202 
288 192 
289 2ri 

295 179 

299.6 I55 

299 I81 

297.5 180 

297.5 166 
295 180 
295.5 183 
2953 187 

L i l a  
170 193 
169 191 
1691 181 

169 208 
290 

I75 291 

180 385 

183 190 

193 2 9 ~ 5  
211 290 
2ZC 290 
22C 289 

295 1925 224 189 
296 194.5 226 289.5 
295.5 194 229 289.5 
295.5 207 230 288 

296 1925 225 289 
296 LO1 241 290 
294 203 231 287 
296 183 7.59 290 
295 192 250 287 
290.5 191 240 284 
294 207.5 251 287 
293 206 250 286 

295 197 3 9  389 
269 
207 

308 299 296 26a5  270 268 222 261 
24 1 

269 235 237.5 7.29 
310 300.5 299 2645 274 225 225 221 

280 229 202 192 
311  301 301 271 282 236 179 187 

PAQENO. 38 

I10 
1 1  7.3 
i i r  

94 

89 

23 1SY 1CI 

22.5 147 9 8  

17 158 99 

2s 160.5 9 8  

l a 5  154 9 6  

101 123 167 95 

105.5 127.5 a07 95 

105 121 208 95 
lC7.5 122.5 202 96 
107.5 125 198 95 
110.5 132 200.5 9 3  

115 139.5 199 93.5 
119.5 150 196 95.5 
120 148 2C6 96.5 
139.5 147.5 196 103 

137 141 197.5 IC3 
132 157.5 193 104.5 
137 145 189.5 108 
125 160 198 110.5 
134 159 192 IC3 
I48 153.5 ZOO 120 
147 157 198 114.5 
144 165 196 111 

128 163.5 197.5 116 

158 165 180 120 

146 153 179 115 
149.5 157.5 186 112 
137.5 149 172 114 
135 146.6 179.5 115 
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TABLE 12 

h I a  From Coolant *hutoff Teoto on Simulated Shell-Tube ConfIpratIon*. Test No.  9-03 

Magnitude of Preemure Omdllotlonm Mean 
Premmura (poi) 

Time Level 
(mecondm) (pmie) -- 

0 35.3 
1.0 35.8 
2.0 35.7 

3.0 35.3 
4.0 34.0 
5.0 34.5 
6.0 36.0 
7.0 36.3 
0.0  35.2 
9.0 34.5 
10.0 35.5 
11.0 35.1 
12.0 35.9 

Valve Clommd 

13.0 35.9 
14.0 35.0 
15.0 35.5 

17.0 35.0 
16.0 36.0 

18.0 35.5 
19 .0  35.9 
2 0 . 0  36.2 
21.0  36.1 
22.0 36.5 
23.0 37.0 
Valve R e o p m d  
24.0 34.5 
25 .0  35.5 
26.0 33.0 
27.0 35.0 
28.0 36.0 
29.0 36.0 
30.0 36.0 

Inlet Exit Tube I Tube 2 Tube 3 
Manifold Manifold Exit Exlt Exit ----- 

3.7 
10.0 
8.2 

8 . 0  
8.4 
5.6 
8.6 
8.5 
10.0 
9.0 
7.8 
6.4 
8.2 
8.6 
6.3 
8. I 
10.0 
9.0 
8 .0  
6.0 
10.5 
5.0. 
10.0 
7.5 

8. I 
8.9 
7.0 
8 . 0  
7.7 
6.5 
8.4 

2 . 3  
6.9 
6.0 

5.9 
4.9 
6.4 
5.2 
4.0 
7.0 
5.5 
4.8 
4.2 
5.0 
5.0 
5.0 
5.0 
6.0 
6.0 
6.0 
5.3 
6.3 
3.8 
10.6 
5.2 

5.6 
5.7 
3.0 
5.2 
5.4 
4.3 
6.4 

4.0 
9.0 
6.0 

8 . 0  
7.0 
9.0 
10.0 
9.0 
7.0 
7.0 
7.0 
4.8 
9.0 
7.0 
5.5 
7.2 
7.0 
7.0 
8 .O 
6.0 
8.0 
4.0 
6.0 
7.0 

7.5 
6.0 
5.5 
7.0 
7.0 
6;O 
8.0 

3 .5  
9.0 
12.0 

11.0 
7.8 
9.0 
10.0 
8.4 
8 . 0  
7.1 
7.0 
4.1 
9.3 
7.0 
6.8 
8. I 
8.0 
4. I 
7.0 
7.5 
7.4 
4.0 
9.0 
6.5 

6.6 
10.0 
4.8 
6.2 
6.5 
5.0 
9.0 

3.2 
7. 0 
7.0 

7.0 
7.0 
8.0 
7.5 
7.5 
7.0 
7.0 
6.0 
4.8 
7.0 
7.0 
6.1 
6.0 
7.0 
7.0 
7.0 
4.5 
8.0 
4.0 
7.5 
8.0 

5.5 
7.0 
5.0 
7.0 
7.0 
4.9 
7.0 

I. 
2. 
3. 
4. 
5. 
6 .  
7. 

Cooling arrangement 8cr0mo t u b .  
No orifice. 
Tube axem horizontal. tubem mtackcd In vertical plane 
Condrnmlne .team N m  rat. PI t u b  prIor l o  mhutoff = C.022 Ib/mmc 
Coolily flow rate p r  tube prior tu mhutoff * 0.81 Ib/mec 
Cooline mectionm nearcmt ex11 heador mhut off 
Lsrp  inlot hoadmr 

Mean Temproturo Levsle (T) 

- TI 

310 

310 

310 

110 

310 

310 

310 

310 

310 

30 8 

310 

T2 - 
306 

304 

304 

304 

304 

304 

304 

306 

304 

304 

306 

T3 - 
304 

30 I 

302 

30 I 

30 I 

30 1 

30 I 

303  

302 

302 

30 I 

f F L % f 7 % 5 U f l l T &  
282 287 197 167 186 109 123 160 92 

291 284 194 160 134 111 126 170 98 

e94 290 196 i69 197 113 127 169 100 

290 290 18E 189 197 109 130 IO2 

292 290 194 170 198 113 141 171 106 

281 299 201 169 198 I 1 0  138 180 109 

292 290 201 170 195 100 148 172 110 

284 216 191 171 197 1 1 1  149 179 I10 

280 299 19C 169 LOO 109 149 186 109 

289 290 ZOO 168 198 1 1 1  I49 182 IC9 

290 286 201 165 I88 1 1 1  127 161 109 
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TABLE 13 

Data From Cool*nt Shutolf T**b on Jimulated Shell-Tube Configurations. 

SIIERYOCOUPLE LOCATIONS CondWons: I .  Coollng Uranicmcnt acroes rubes 

Teat No. 9.04 

2. OrlfIces in tube e d t B  
3. lube  axes hori=ont.l. tubes .tacked In vertical plane 
4. Condenshi steam flow rate per tube prior to ehutoff I 0.022 Iblsec 
5. Coollng flow rate per tube prior to shutoff 0.81 Ib/s.c 
6. Coolina aoctione noareat inlet header shut off 
7 .  brae tnht heaaer 

Mean MacnItud. of Presaure OscIlIatIon. 

0 33 .6  
1.0 32.6 
2.0 41.0 
Valva C1oe.d 
3.0 44.0 
4.0 42.5 
4.3 
4.4 
4.58 
4.62 
4.71 
4.8 
5.0 41.5 
5.05 
5.1 
5.14 
5.2 
6.0 41.5 
7.0 39.0 
8 . 0  38 .0  
9.0 37.0 

10.0 37. 3 
11.0 3 5 . 0  
12.0 35.8 
13.0 35.5 
14.0 34.5 
15.0 34.0  
16.0 3 5 . 0  
11.0 34.0 
18.0 33. 1 
19.0 33. 0 
20.0 34.0 
21.0 34.0 
22.0 34.0  
23.0 33.5 
24.0 32.8 

Valve Roopencd 
25.0 21.0 
2 6 . 0  19.0 
26.9 
26.95 
27.0 19.5 

27. 3 
27.34 
27. 4 
28. 0 20.5 

27. I 

8 .  3 
8.0 
6.5 

8.0 
3.8 

5.1 

0 
0 
0 
0 
0 
0 
1.0 
0 
1.0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
2.9 

0 

6. 2 

5.3 
5.4 
4. s 
5.6 
3.0 

3.0 

1.5 
1.0 

. 5  

.8 

.8 

. 9  
1.0 
.6 

1.0 
1. I 
1.0 
1.2 

.8 
1.2 
1 . 1  
1.0 
1.0 
1. I 
1.2 

1.3 
2.6 

2 .1  

4.4 

3.6 
4.0 
1.9 

4.9 
4.0 

2 .0  

0 
0 
0 
0 
1.8 
1.0 
1.5 
0 
1.0 
0 
1.0 
0 
0 
0 
0 
0 .  
0 
0 
0 

0 
1.8 

1.9 

4. I 

4.9 
4. T 
5.3 

9.0 
4.9 

4.0 

0 
1.0 
0 
0 
0 
2 . 0  
2 . 0  
0 
1.8 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
2 .6  

2.8 

1. c 

2.3 
4.0 
4.0 

4. 7 
3.0 

2.6 

0 
0 
0 
0 
0 
I .  0 
1.0 
0 
1.0 
0 
1.0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
4.0 

2.0 

2.9 

293 

306 

306 

302 

299 

297 

299 

294 

294 

2 67 

284 

PAGE NO. 40 

290 

302 

303 

299 

294 

292 

292 

29 I 

29 1 

278 

283 

291 298 

301 301 

302 308 

298 304 

294 300 

293 299 

294 299 

293 297 

290 297 

273 266 

281 269 

287 289 141 

301 300 131 

302 302 165 

298 298 185 

292 292 197 

290 291 195 

290 290 202 

289 289 205 

289 289 211 

261 260 189 

262 261 162 

----- 
197.5 I44 128 161 119 

198.5 I44 I24 162 I22 

242 
250 
248 
2 64 
254 
294 
261 
2 60 
297 
292 
298 

29 3 

289 

289 

288 

287 

287 

259 
24 I 
251 

234 
2 30 
256 
236 
233 

162 131 163 126 

187 128 188 148 

186 14F 190 150 

191 141 188 155 

lor 143 193 155 

I88 141 189 154 

191 144 194 156 

IUT, 151 195 136 
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TABLE 14 

Data From Coolant Shutoff Teat. on Simulated Shell-Tube Conflgurallona. Teat No. 9.05 

UMOCOUP- Condltiona 

1 
n 

1. Cooling arrangement acroaa tubea 
2. Orlficaa in lube -aha 
3. Tube axe. horlrontal. tubaa atacked In vertlcal plane 
4. 
5 .  
6. 
7. Large inlet header 

Condcnaing ateam flow rate per tube prlor to ahutoff - 0.022 lblaec 
Cooling flow rate per tube prior to ahutoff = 0.81 Iblaac 
Cooling aectiona ahur off - middle 

Mqnltude of Preaaure Oacillatlona Mean 
Prea aure (pai) 

Time Level Inlet Exit Tube 1 Tube 2 Tube 3 
(aeconda) ( p a i d  Manifold Manifold Exit Exit Exit 

0 33.0 
1.0 33.0 
2.0 32. 5 

Valve Cloaerl 
3.0 1 4 . 5  
4.0 36.6 
5.0 3 7 . 0  

1.0 3 7 . 0  
8.0 36.8 
9.0 36.8 
10.0 36.5 
11.0 36. ’ 
12.0 35.0 
13.0 36. 0 
14.0 36. 5 
15.0  3 6 . 0  

6.0 36.5 

16.0 34.8 
11.0 36.0 
18.0 35.5 
19.0 33.5 
20.0 36.5 
21.0 36.0 
22.0 36.0 
23.0 33. 8 
24.0 33.0 

25.0 17.2 
25.54 
25.73 
25.77 
26.0 26. 5 
26.52 
26.8 
21.0 26.5 
21.2 
27.31 
21.54 
21.83 
28.0 24.5 
28.5 
28.66 
29.0 27. 0 
29. 1 

Valve Reopened 

30.0 28. o 
31.0 29.0 
32.0 30.0 
33.0 3 1 . 0  
34.0 32.0 

6.5 
6.9 
3.0 

5.0 
8.4 
7. I 
7 . 0  
5.4 
3.0 
3.9 
3.6 
3.1 
4.3 
5.0 
3.0 
2.9 
2.9 
3.0 
6.2 
4.0 
4.1 
5.9 
3.9  
3.4 
4.0 

6.0 

3.9 

10.0 

5.8 

8.9 

7.8 
6.0 
7.6 
3.8 

0 

5.1 
4.7 
2.1 

2.2 
1.0 
0.4 
0.7  
0.3 
1.7 
1.8 
1.4 
1.0 
2.1 
2.4 
2.1 
1.8 
1.5 
3.0 
3.0 
2.0 
2.5 
2.0 
3 . 1  
1.6 
2.0 

2.5 

2.3 

6.0 

4.0 

5.8  

5.0 
5.0 
5.0 
2. I 
1.1 

6.0 
7 .0  
2.4 

6.5 
4.3 
6. I 
5. I 
4.0 
4.0 
2.8 
3.0 
2.5 
2.0 
3.0 
2.2 
2.1 
2.9 
2.2 
2.7 
0 

2.0 
4.0 
1.9 
1.8 
2.0 

7.4 

2.6 

5.5 

4.6 

5.9 

4.8 
3,o 
4.9 
2.6 
3.1 

5.3 
4.0 
3.0 

3.0 
3.0 
3 . 1  
3.0 
3.1 

2.6 
2.9 
1.8 
2.9 
3.5 
3.0 
3.0 
2.9 
4.3 
5.0 
3.0 
3.2 
2.9 
3 . 0  
3.9 
3.0 

3.2 

f .  0 

1.7 

4.7 

6.8 

4.0 

6.5 
4.9 
1 . 1  
2.0 
1.0 

4.0 
4.0 
2. 2 

11.0 
5.0 
4.0 
4.0 
3.8 
3.0 
3.0 
3. 1 
2.6 
3. 1 
3.9 
2.5 
2.9 
3. 1 
2.6 
3.9 
3.0 
2.1 
3.5 
2.6 
2.2 
2.4 

3.9 

2.7 

4. 1 

5 . 0  

4.4 

4. 1 
3.4 
4. I 
1.8 
2.3 

Mean Temperature Level. (OF) 

29 1 

297 

300 

300 

298 

299 

2 98 

298 

294 

28 1 

280 

289 

292 

PAQE NO. 41 

287 289 

292 295 

296 296 

296 297 

293 294 

293 294 

293 295 

294 294 

291 292 

278 278 

286 289 

28.9 291 

294 286 

299 292 

301 295 

301 295 

300 292 

300 294 

301 294 

300 293 

297 290 

281 275 

282 278 

290 204 

293 287 

287 I41 

291 I40 

294 149 

295 172 

292 181 

294 200 

291 217 

293 230 

290 247 

273 , 225 

272 169 

2.92 143 

287 142 

197 145 

202 139 

272 145 

290 174 

289 191 

289 208 

289 219 

290 224 

287 228 

267 
27 3 
252 
237 223 

194 I t  

194 I43 

206 137 

122 164 

122 157 

121 156 

I24 198 

132 197 

148 199 

155 196 

148 194 

I67 195 

164 191 
145 
150 

158 
169 
160 
175 

I65 
152 
164 186 
166 

145 168 

125 160 

3 2  
12 1 

122 

123 

126 

133 

150 

147 

I63 

159 

161 

I60 

139 

129 
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TABLE IS 

Data From Coolant shutoff Test1 o n  Simulated Shell-Tube Configuration.. Temt No. 9.06 

IN 

Magnitude of Preaaure  Oac1llationm 
(psi)  Mean 

Prcsmure 
Time Lcvel Inlet Exit Tubs I Tube2 T u b 3  

Jsecond4 (pmiu) Manifold Manifold Exit Exit Exit 

0 33.0 
1.0 33.0 
2.0 32.0 

3.0 33.0 
4.0 3 3 . 0  
5.0 33.0 

7.0 32 .8  
8.0 32.8  
9.0 3 3 . 0  
10.0 3 2 . 8  
11.0 32.4 
12.0 3 2 . 0  

Valve Clomcd 

6 . 0  3 3 . 0  

13.0 3 3 . 0  
14.0 3 3 . 0  
15.0 31.5 
16.0 31.5 
17.C 32.0  

19.0 34.0 
20.0 34.0 
21.0 32.5 
22.0 32.5 
23.0 33.0 
24.0 33.5 
Valve R e o p r n d  
25.0 32.8 
26.0 3 2 . 0  
27.0 3 1 . 0  

1 8 . 0  32.5 

2.8 
2 . 0  
2.1  

2.3 
2 . 0  
0 
6.4 
3.4 
3.0 
3 .1  
1.6 
6.0 
6.0 
6.8 
4.2 
6.0 
7. I 
7.2 
3.8 
3.0 
4.2 
3.3 
6.8 
4.9 
2 . 0  

2.6 
6.C 
6.0 

2 8 . 0  31.5 . 8.4 
29.0 31.9 7.0 
30.0 34.0 7.5 
31.0 3 3 . 0  6.4 
32.0 3 3 . 0  10.5 
33 .0  33. I 7.0 
34.0 33.0 5.0 

2.3 
1.8 
1.6 

2.5 
1.6 
1 . 3  
3 .2  
1.9 
3.1 
2.9 
1.5 
3.0 
4.2 
4.8 
1.9 
4.4 
4.4 
5.5 
2.4 
1.3 
2.4 
2.9 
4.3 
2.5 
0 . 8  

2.3 
4.0 
4.3 
5.6 
4.0 
7.2 
2.7 
5.8 
3.9 
2.7 

4. 2 
0 
3 . 1  

2.7 
1.9 
0 
2.7 
1 .3  
2 . 0  
4.6 
0 
2.1 
b. 0 
5.4 
2.0 
2.4 
3. I 
4.3 
2 . 2  
2 .0  
2.5 
2 . 8  
4.0 
1.5 
1.0 

2.0  
4.0 
4. u 
5.0 
6.9 
4.6 
2.3  
6.5 
5.0 
2.0 

I .9 
0 
1.6 

2.2 
2.9 
0 
3.9 
3.9 
1.5  
2.0 
2.3 
3.4 
b. 2 
4.8 
2.7 
5 . 3  
6.0 
4.4 
2 . 0  
I .9 
2.4 
I .9 
3.8 
2. 5 
0.9 

1.5 
8.0  
7.0 
7.2 
4.0 
3.4 
3.0 
10.0 
7.0 
3.0 

2 .  I 
1.0 
2 .3  

2 . 8  
2.1 
1.2 
4.6 
2.9 
2 .  I 
3.0 
1.6 
3. b 
3 . 9  
3.1 
2.4 
2 .8  
3.9 
3.5 
2 .8  
2.5 
2 . 1  
3.0 
4.0 
2.9 
1.2 

2.0 
3.5 
4.0 
5.0 
4.5 
3.3 
4.2 
6.0 
4.0 
3. I 

I .  Cooling arrangement  acr0.8 tubem 
2, Orifice. in tube exit. 
3. Tube axe. horizontal, tube. etacked in  ver t ical  plane 
4. Condensing steam flow rate per lubr p r io r  to mhutull 0. C22 1blm.c 
5. Coolin8 flow ra te  per tube p r io r  to mhutuff = 0.81 Iblmec 
6 .  Coolin8 mection nrarrmt rx i t  .hut off 
7. Large inlet header  

Mean T e r n p r a t u r e  Level. (OF) 

IL 
292 

292 

29 2 

29 z 

a90 

290 

29 0 

290 

292 

288 

292 

29 2 

LL 
290 

288 

2 89 

269 

289 

2 86 

287 

287 

z.90 

280 

290 

290 

3L 
290 

290 

290 

29 0 

289 

287 

2 89 

289 

29 I 

285 

290 

290 

3 
29 b 

295 

296 

294 

19 4 

29 1 

29 3 

29 3 

29 6 

290 

29 7 

297 

3 
2 89 

29 8 

289 

289 

188 

284 

290 

287 

289 

277 

289 

289 

Ta 
2 89 

288 

287 

288 

180 

283 

279 

284 

289 

281 

282 

285 

Ira 
I39 201 

139 201 

138 202 

138 202 

140 199 

144 195 

I41 ZOO 

138 LOO 

139 200 

137 195 

134 I90 

135 192 

3.u 
140 I22 

140 I29 

143 128 

138 135 

142 I45 

I42 147 

142 146 

42 150 

39 I52 

37 155 

36 138 

40 128 

ZIL 
150 

161 

I70 

I71 

1 TO 

179 

177 

181 

186 

183 

150 

158 

b 
122 

1 20 

1 I9 

I25 

I IS 

I30  

138 

135 

138 

135 

124 

118 

PAQE NO. 42 
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TABLE I 6  

Data From Coolant Shutoff Taata on Stmulatad Shell-?ube Conliguratlona. Teat No. 9.07 

THERMOCOUPLE LOCATlOm Caditionr: 1. Cooling arrangement aeroaa tube. 
2. No orllicea 
3. Tube axem horizontal, tube. #tacked In horizontal plane 
4. CondCnaing abam flow rate per tube prlor to ahutoff = 0.021 Ib/mc 
5. Coolins flow rate per tube prior to ahutoll = 0.81 Iblaec 
h. Coollr# aeoitora rhvt elf - robroot lnlrt h a d o r  
7. Large Inlet hoader 

IT 

Magnitude of Preaaura Oacl11atlona 
Mean Temperature Levela - *F (pal) Mean 

Praaeure 
Time Level 

jaeconda) (pein) 

0 40.5 
1.0 40.4 
2.0 42.5 
Valva Cloaad 
2.25 
2.29 
2.35 
2. 50 
2.55 
2.70 
3.0 
3.9 
4.0 
4.075 
4. I 
4.125 
4. I 5  
4.163 
4.265 
4.895 
4.935 
4.965 
5.0 
5.115 
5.17 
5.65 
6.0 
7.0 
8.0 
8.7 
9.0 

9.6 
IO. 0 
11.0 
11.5 
12.0 

13.0 
14.0 
14.93 
15.0 
15.05 
15.4 
15.5 
16.0 
17. 0 
17.02 
i7.06 
17. I55 
17. 6 
18. 9 

20.0  

1: :5 

19.8 

52.8 

53.5 

52.3 

51.0 
49.0 
47. I 
45.7 

46. 3 
44.5 

42.5 
42.0 
41.2 

43.0 

41. 3 
39.0 

41.0 
42.0 
42.0 

21.0 39.3 

Inlet Exlt Tube I T u b  2 Trb. 3 
Manifold Manifold Exlt --- 

IO 
10.5 
12.5 

13.0 

12.0 

12.0 

2.0 
2.0 
2.0 
2.0 
2.0 

2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

t :  8 

6.7 
6.0 
7.9 

8.1 

8.2 

7.9 

2.5 
0.3 
0.4 

I .  0 

n 
0 

0 

1.0 
1.0 

1.5 

1.5 
I .  5 

1.0 
1.0 
1.5 
1.0 

11.0 
3.0 

11.5 

13.0 

13.5 

12.0 

3.0  
3 .0  
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 

Exl t 

6.0 
14.5 
8.0 

- 

14.0 

9.0 

10.0 

1.0 
1.0 

i: 8 
1.0 
I .  0 
1.0 
1.0 
1.0 
1.0 

3.0 
3.0 
3 .0  
3.0 
3 . 0  
3.0 
3.0 
3.0 
3.0 
3 .0  
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 

Exlt 

9.5 
9.5 
12.0 

- 

12.5 

11.0 

11.5 

1.0 
1.0 

t:8 
1.0 
I. 0 
1.0 
I. 0 
1.0 
1.0 
1.0 
1.0 

1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
2.0 
2.0 
2.0 

T I  T2 T3 --- 
MY 

309 

325 

32 1 

314 

312 

30 6 

300 

306 

312 

31 I 
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303 303 

302 302 

315 317 

310 312 

305 306 

302 MI 

299 300 

300 302 

303 302 

304 303 

304 303 

T4 T5 -- 
296 293 

301 297 

317 314 

314 310 

306 304 

303 299 

301 297 

297 294 

298 294 

296 293 

299 296 

- T6 

246 

215 

2 50 
287 
266 
264 
306 
31 1 

315 

312 

30 5 

30 I 

300 

296 

296 

295 

29 7 

T7 - 
I77 

I79 

182 

195 
213 
218 

223 

214 

224 
216 
226 
218 

22 I 

21 7 

214 

219 

220 

218 

T T  
8 9 T1o 

196 135 124 153 

194 137 123 162 

$92 142 126 I57 
229 
294 
30 3 
29 I 
270 
2 38 
246 
298 
293 
2 66 I51 
263 
304 

I67 
304 I44 120 158 

297 181 129 190 
145 

134 
200 

294 182 143 190 

290 181 149 197 

287 183 I51 I 8 5  
137 

196 

I86 
290 187 154 189 

I 79 
I78 
154 
161 
175 

287 174 149 183 
I98 198 

289 174 I50 188 

100 

98 

120 

116 

115 

113  

116 

I19 
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1 
1 
I 
I 
I 
1 
8 
I 
I 
I 
I 
I 
I 
8 
I 
I 
I 
I 

PWA-23 15 

_ _  Mainltude of Premeure O m c l l l a t l o ~ ~  

21.25 2.0 2.0 3.0 2.0 
21.8 2.0 2 .0  3 . 0  2 .0  
21.9 2.0 2.0 3 .0  2 .0  
22.0 40. 5 2 .0  1 .0  2.0 3 .0  2 .0 310 303 302 297 292 
22.2 2.0 2.0 3 . 0  2.0 
22.6 2.0 2.0 3 . 0  2 .0  

2.0 3 . 0  2 .0  23.0 42. 3 2.0 1.5 
24.0 42. 5 2 .0  I. 5 2.0 3 .0  2 .0  3 1 1  304 303 300 295 
25.0 42 .5  2 .0  1.0 2 .0  3.0 2.0 
26.0 40.7 2.0 1.0 2 .0  3.0 2 .0  310 303 302 297 293 
26.8 2.0 2 .0  3.0 
27.0 41 .4  2.0 0 2.0 3 . 0  5.5 
27.37 2.0 2.0 3 . 0  
27.6 2.0 2 .0  3.0 

2 .0  2 . 0  3 . 0  

27.85 2.0 2.0 3.0 
27.9 2. 0 2.0 3.0 
28.0 41.0 2.0 0 2 .0  3.0 2 .0  310 303 302 296 292 
28. I 2.0 2 .0  3.0 
29.0 41.0 2.0 0 2 .0  3.0 2.0 

$?: a 3  2.0 2 .0  3.0 

Valve Reopened 
29.28 
29.34 
29.4 
29.46 
29.52 
29.58 
29.59 
29.6 
29.65 
29.67 
29.695 
29. 7 
29. 75 
29.8 
29.82 
29.9 
29.95 
30.0 
30.06 
30.08 
30. 1 
30. 17 
30.2 
30. 3 
30. 31 
30. 33  
30. 35 
30.4 
30.43 
30. 5 
30.52 
30.6 
30. 7 
30. 71 
30.8 
30.82 
30.9 
30.93 
3 1 . 0  

298 216 

300 213 

299 217 
226 

217 

231 

299 222 

300 210 

274 
275 
27 I 

275 273 

277 277 275 

269 
266 

269 270 

24.8 8.0 3.9 6 .0  7.0 5.5 301 294 292 264 252 263 

259 
263 

262 
252 

256 

262 
264 

256 

287 26 1 
2 52 

256 
254 25 I 

260 

252 

26 I 
23. 3 7 .0  5.0 4.0 5 .0  5.5 28 1 26 1 257 

26 3 
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1 7 3  

194 
286 I91 150 190 

195 
183 
192 

289 180 148 184 

287 179 146 193 

156 
188 

I75 
288 181 150 179 

I44 
289 179 143 

I73 
I79 
I68 I96 

I L L  
io4 
105 
119 

117 

115 

129 
114 
114 

190 
233 

222 155 
257 
265 

266 

272 173 161 
156 

230 260 

219 264 
205 257 145 
205 245 160 145 168 120 

198 

187 

182 

167 

110 

121 

248 168 
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I 
I 
I 
1 
I 

31.06 
31.1 
31.2 
31. 3 
31.4 
31. 5 
31.6 
31.7 
31.8 
31.9 
32.0 
32.2 
32.5 
32.6 
33.0 
34.0 
34. I1 
34.63 
34.61 
34.8 
34.9 
35. 0 
35. I 
36.0 
36. L 
36. 38 
36.6, 
37.0 
31.1 
38.0 
38.4 
39.0 

25.5 1.0 

21.5 I .  0 
80.1 5.5 

32. 5 8.5 

34.5 9.5 

31. 2 10.5 

38. I IO. 0 

38.9 12.0 

2.0 

2.0 
3.0 

4.1 

5.8 

5.6 

6.5 

6.3 

4.0 

2.0 
5.5 

1.0 

8. 0 

8.5 

6.0 

6.9 

3.0 

2.0 
5.0 

8.  0 

8.0 

IO. 0 

16.0 

11.0 

3.5 

2.0 
6.0 

7.0 

1.0 

1.0 

8.0 

1.0 

TABLE 16 (Cont'd.) 

Y o u  Tom#rahro k w l r  ('I) 

TI - 

299 

304 

306 

302 

P T3 - -  

282 

286 291 

290 

294 
295 295 

291 291 

306 291 

4 7 5  - -  
258 
252 
258 
26 I 
260 
259 
264 
259 
265 
263 218 

266 

271 
275 215 

272 
280 
216 
28 I 
a2 
284 285 

293 290 

T6 

254 

261 

- 

260 

212 

201 

290 

T7 - 

I88 

I 8 3  

I13 

I15 

251 162 132 170 

235 154 I21 164 

195 123 131 170 
165 
I88 
I75 

161 
167 

191 I20 128 164 

1 20 
125 

1 1 3  
I LO 
I06 
116 
104 

I19 

115 

111 
123 
103 

I 
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TABLE 17 

Data From Coolant ShrtofI'Teete on Simulated Shell-Tub. Confburatlone. Tee1 No. 9 .  OE 

ATION$ Conditione: 1. C w l i w  arrasuement acroee tube. 

I 

2. N o o r i i i c c i  
3. 
4. 
5. 
6. 
7. k r l e  Inlet header 

Tube axem horlaontal, Cuba. mhckod In horloontal plan. 
Condenmiry ateam flow rat. per tub. prlor lo ehutoff 0.021 1ble.c. 
Cwl lry  flow rate per tub. prlor lo ahutdf 0.81 Ibleec. 
Coollry eectione #hot off - mlddlo 

M4nltude of Raeeura Oecllla8lone 
(P.1) Mean 

Reeeuro 
Time Level Inlet Exit Tube I Tub 2Tube 3 

imecondm) (pmip) Manifold M M l f d d  Exit ERIC Exlt 

0 40.0 
I 41.0 
1.75 
2 . 0  39.0 
Valva cloeed 
2 . 3  
2.35 
2.37 
2.43 
2.565 
2 . 7  
3 . 0  
4 .0  
5 . 0  
6 .  il 
7 .0  
8 . 0  
9 .0  

10.0 
11.0 
12.0 
12.23 
12 .3  
13 .0  
14.0 
IS. 0 
16.0 
17. 0 
18.0 
19.0 
19.25 
19.35 
19.65 
19.85 
19.9 
20.0 
20. 1 
2J. 2 
20. 3 
20.4 
20.5 
20.8 
21 .0  
2 2 . 0  
2 3 . 0  
24.0 
25.0 
26.0 
27.0 
28.0  
2 9 . 0  
30.0 

42.9 
43 .0  
43.5 
43. 0 
42.6 
44 .0  
42 .6  
43. 3 
44.0 
43.3 

43. 1 
43.2 
43. 3 
43 .5  
44.0 
46. 0 
45 .6  

r2. u 

41.4 
42 .5  
42. 5 
40. 0 
40. 0 
<o. 0 
40. 18 
40. 5 
i i .  0 
40. 7 

11 .0  
9. 5 

11.5 

3 . 0  
7 .0  
5.5 
5.5 
5 .0 
4 . 9  
6.5 
3 . 0  
4 . 0  
9 . 5  

2 .5  
3 .0  

0 
0 
0 
0 
0 

5. u 

8 . 0  
0 
0 

8.0  
10.0 
10.4 
7.0 
5 . 0  
6 . 0  
8.5 

1 . 5  
5.5 

7. b 

0 
3. 0 
2 . 0  
2 .5  
3. 1 
3.0  
3.6 
2 .0  
3 . 5  
7.0 

1.0 
1.0 
1.0 
1.0 
2.5 
1.5 
2 .5  

b e  5 

7 .0  
0 

1 .0  
4 . 3  
5 . 0  
5 . 0  
3.6 
2.4 
3 .0  
4 .5  

11.0 
8.5 

IO. 0 

7.0 
19.0 
14.0 
12.0 
12.7 
IS. 0 
I f .  6 
5. 1 
9 .5  

12.0 

3.0 
3.0 
2 .5  
4 .0  
2. 5 
3.0 
2.8 

0.0 

6 . 0  
0 
0 

5 . 0  
10.0 
10.0 
7.0 
4 . 0  
4.0 
6 5  

11.0 
13.0 

12.5 

4.9 
6. 1 
1 .5  
6.9 
5 .5  
6 . 0  
7. 1 
2.5 
4.9 

10.0 

2.5 
3.0 
1. 5 

0 
2.3 

0 
0 

0.5 

7. 3 
0 
0 

7.0 
8.9 

10.5 
7. 7 
7. 3 
8.0 

10.0 
8.5 

12.0 

3. 5 
6.0 
4.9 
6 . 0  
6.0 
6. 1 
6.0 
3.5 
3.5 
9.5 

2.55 
3. 5 
3.0 
0 
2.0 

0 
0 

5.0 

5.5 
0 
0 

5 .0  
7.5 
8. 5 
5. I 1  
1.5 
6.5 

8.0 b. 5 

Mean Temperature Level. ('I) 

JOL5 297.5 295 295 

308 299 30Q5 300 

310 299 300s 300s 

307.5 299.5 301 300 

309 298 300 300 

3055 298 300 299 

3025 299 300 300 

309.5 299 300 301 

311 301 303 303 

T5 I 6  

294 281 

290 
294 253 

- -  

236 
300 240 

191 
300 196 

300 198 

299 223 

299.5 218 
2 18 
294 

300 299 

299.5 300 

301 290 

300 
267 

265 
294 

298 
296 

T7 T8 T9 - -- 
I15 196 135 

100 204 I 3 4  

211 
22 3 
262 
2 38 
240 
289.5 

119 291 125 

214 2905 I16 

232 292 124 

240 290 140 

232 290 148 

218 2905 171 

240 291 170 

253 295 180 

270 

258 288 I l l  

270.2 243 
296 

260. 1 
217 

I26 

I 3 0  

I27 

127.5 

149.5 

137.5 

155 

143 

1 50 

163 

161 

151 I07 

160 109.5 

161 103 

188 e9 

196 86 

190 92 

190 1025 

197 lo4 

ZOO 106 

201 109 
20 1 

113.5 

206 

151 

180 

307.5 295.5 299 299.5 298 298 257.5 290 179.5 149.5 189 123 

299.5 290.5 291 293 292 290 254 285 212 155 190 I24 

300.5 294.5 293 291 293 290 243 286 206 160 186 122.5  

300 299 291 294 292 290 248 285 215 I55 187.5 124 

301 299.5 296 295.5 295 294 262 289 213 169 182 130 

20 I 
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TABLE 17 (Cont'd.) 

Valvw Reopened 
30.6 25 I 
31.0 29.0 7.1 4.7 7.1 7.0 6.0 267.5 
32.0 29.0 7.3 4.1 6.0 7.5 5.5 297.5 274 277 273.5 273 270 250 237 201 156 169 135 

34.0 33.5 12.5 6.4 10.5 13.5 10.0 300 289 288 279 280 277 I90 198 154 150.5 169 147.5 
35.0 34.5 11.0 6.1 11.0 13.5 10.5 
36.0 36.5 10.5 6.7 11.0 17.5 10.0 305 294 293.5 217.5 287.5 283 I72 187 141 152 165 139 
37.0 37.5 11.0 b.b 11.9 17.310.0 
38.0 37. I 8.0 9.3 9.5 11.25 1.9 304 295 297 290 290 211 I70 I88 I33  I49 I59 127 

33.0 33.0 8.0 4.9 io., 12.5 8.0 
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TABLE 19 

Data From Coolant Shutoff Tomto on Simulated Shrll-Tube Conlisuratlonm. Temt No. 9.09 

T M R Y O Q W R L  COUrtONf CodlUonm: I. Coolinn arrangement acroaa tubcm 
2. No oriliccm 
3. Tube axca horizontal. tubem stacked In horlsontal plane 
4. Condenming atcam flow rate per tube p r i o r  to mhutolf 0.021 lb/rec 
5. Cooling flow rate per tube p i l o t  to ahutoff = 0.81 Ib/mec 
6. Coollna mectlonm mhut off - nearcot ..It hoader 
7. b r a e  inlot heador 

0 42.0 
I 40.0 
2 40.5 
Valve C10o.d 
3 41.0 
4 41.5 
5 41.0 
6 40 .0  
7 40.5 
8 40.5 
9 41.5 

10 40 .5  
11 40.7 
I2 40 .5  
13  40 .5  
I 4  40.0 
1 i. 75 
14.70 
14.3 
I5 40.5 
16 40 .5  
17 40.7 
I 8  40.5 
19 39.9 
19.95 
20 39.9 
20.09 
20.15 
21 40.1 
22 40 .5  
23 40 .5  
24 40.5 
25 40.5 
2C 40 .6  
27 40.6 
28 40.8 
21 40.8 
30 40 .8  
Valve Reopened 
31 40 .0  
32 39.3 
33 40 .5  
34 39. I 
35 40 .5  

9.0 6 . 4  9.0 13.0 12.0 303 
7.5 7.0 9 .0  10.0 8 . 5  

10.5 8.0 5.0 15.0 11.0 304 

11.0 6 .8  9 . 0  11.5 7.0 
9.0 5 .6  8.0 1 3 . 0  9 . 0  304 
7 .0  7.7 8.0 10.5 7 . 5  
6.0 1 .5  7.0 10.0 7.0 304 
7.0 5.7 7.0 14.0 7.0 
8. 0 5.4 6.0 12.0 8 .0  304 
8 . 0  6.0 9.0 14.0 8.0 
8.  0 5.0 8.0 11.0 1 . 5  302 
9 . 0  6 .9  10.0 12.0 7.5 
8 .0  6 .2  8.0 10.0 6.0 305 
9.0 6 .0  9.0 12.0 7.5 
5.0 7.6 6.0 8.5 5 . 0  306 

9.0 7.0 10.0 1 3 . 0  8.5 
5.0 5 . 2  6.0 10.0 6.0 304 

12.0 6 . 6  11.0 13.0 11.0 
7.0 6.1 8.0 10.0 6 .5  304 
9 .0  6.1 8 .0  1 3 . 0  8 . 7  

7.5 6.0 9 .0  9.0 7.0 304 

11.0 7.2 10.0 
8.0 6 .4  8.0 
9.5 6.5 11.0 

12.0 6.9 10.0 
8.0 5 .2  8 .0  
9.0 7.6 11.0 

12.0 6.0 9.0 
10.0 5.7 6.0 
11.0 5.5 10.0 
IO. 5 6 . 2  9.0 

12.0 9 .0  
10.0 6. 5 304 
9.0 8.0 
8.0 7.0 306 

12.0 6 .5  
16.0 11.0 306 
14.0 8.5 
10.0 5 . 5  307 
13.0 9 .0  
11.0 8 .0  306 

11.0 6.9 9.0 11.0 7 .0  
10.0 6.1 6.0 11.0 8 .5  305 
IO. 5 5.0 0.0 11.0 7.0 
10.0 6.4 10.0 12.0 0.0 
10.5 6.0 7.0 10.0 1.0 306 

298 

298 

291 

298 

298 

298 

298 

297 

298 

299 

298 

299 

299 

298 

299 

298 

297 

297 

299 

297 

298 

299 

299 

29 7 

299 

29 7 

29 7 

298 

298 

300 

299 

299 

298 

29 7 

296 

299 

294 

293 

294 

29 7 

29 5 

293 

29 6 

294 

295 

29 5 

29 5 

295 

29 6 

29 5 

29 1 

294 

290 

294 

289 

289 

29 I 

292 

285 

290 

29 3 

290 

29 I 

29 2 

290 

294 

29 I 

289 

294 

287 

286 

29 I 

293 

29 1 

292 

294 

'293 

290 

29 I 

289 
288 
266 
264 
291 
29 3 

292 

288 
267 
260 
288 

290 

29 3 

280 

29 5 

277 

287 

29 3 

168 193 

176 193 

173 187 

I73 196 

I73 I97 

176 194 

179 195 

171 196 

174 193 

175 192 

I80 196 

174 183 

I79 193 

I75 195 

I75 195 

I79 194 

I75 I94 

'174 196 

I 3 3  

I25 

132 

1?7 

IZ7 

I32 

I43 

137 

135 

133 

138 

I39 

I29 

134 

I30 

137 

123 

134 

125 

124 

I25 

I28 

I 3 4  

1 39 

1 38 

145 

142 

143 

I48 

144 

148 

146 

142 

149 

145 

137 

155 

I54 

155 

166 

172 

173 

175 

115 

176 

I75 

175 

171 

I82 

160 

119 

180 

185 

159 

98 

98 

101 

114 

1 I4 

115 

120 

119 

116 

121 

I25 

I22 

127 

130 

125 

131 

125 

119 
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TARLE 19 

Data From Coolant Shutoff Teat# on Simulated Shell-Tube ConfiRurrtlona. Teml No. 9. I O  

~ L R M O C W P L E  W A T I O M  Conditlonmr I .  Coolin8 arranacn-cnt acroma tubem 
2. Orlflcem In tube exit. 

Maanltude of Prermure Omcillatlonm 
(pmi) 

Mean 
Preamurm 

Time Level Wet Enit Tuba I Tube 2 Tube 3 
lmecond.) Manifold h n l f o l d  t.11 Exit Exit 

0 39.1 1 . 5  4.2 4.5 8 .0  6.5 
1.0 39.7 5.1 3.4 5.0 8.0 5 .0  
2.0 50.5 7 .5  5 .1  9 . 6  18.5 6.5 
Valve Cloaed 
3.0 52.4 9.5 5.95 9 .6  19.0 7 .0  
3.715 
3.77 
3.83 
4.0 56.0 5 .0 3.5 5 .6  7 . 0  4 . 0  
4.04 
4.24 
4.315 
4 .4  
5 . 0  51.5 2 .5  0 .9  2.5 3 . 2  1.3 
6.0 49.4 2.5 1 . 1  0 3.0 1.5 
7 .0  58.4 0 0.45 0 1.6 0 
8.0 47.5 0 0 . 8 0  0 1.0 1.5 

0 0  9.0 46.7 0 0.75 0 
10.0 46 .0  0 0.6 0 0 0  
11.0 44 .0  0 . 3 f  0 2 . 3  0 
12.0 43 .3  0 0 0 2 . 5  0 
13.0 42.4 0 0 0 0 0  
14.0 42.4 0 0 0 0 0  
15.0 42.0 2.0 0 0 2.5 0 
16.0 41.5 2.3 0.95 0 2.7 0 
17.0 41.7 2 .3  0.7 0 2.5 1.25 
18.0 41.0 2.6 1.3 1.8 3. 1 1.4 
19.0 40.0 3.0 2.05 2 .5  4.5 2.5 
Valve Reopened 

20.0 23.0 2.5 1.95 1.8 2 .3  1.5 
21.0 24.9 6.0 3.6 5 . 3  5.0 4.0 
22.0 23.9 4.0 2.2 2.8 3.0 4 . 0  
23 .0  27.3 5.0 4. I 4.6 6. 125 4.0 
24.0 29.0 1 .0  3.15 4 . 9  8.1 4.9 
25.0 32.0 7 .0  4 . 1  5.0 7.2 3.95 

3. Tuba u c m  horlronlal,luh~m mlrcked In horlmontal plana 
4. Condenmlng mleam now rata por lube prlor la mhutdl - 0.02 1 Iblmeo 
5. cooling now rate per tube prlor to mhutoff 
6. Coollng mection. nmaremt inlat header mhut off 
7. Large Inlet h u d e r  

O.%l 1blm.c 

3-22 
298 299.5 

320 309 

322. 5 3 1  1.5 

319 308 

314 304 

310.5 301 

308 299 

306 297 

304 296 

303 295 

295 287.5 

296 284 

299 283 
300 290 

P A G E  NO. 49 

Mean Temwrature Level. I ‘F1 

L L L F L L L L L T B  
298 293 292.5 290.5 189 

312 310.5 310 310- 190 202 

214 
239 
298 
272 

314 313 312.5 312 198 253 
290 
303 
270 
303 

310 309.5 308.5 309 211 300 

307 307 304.5 305 220 298 

304 303 301.5 302 240 295 

30C 300 299 299.5 249.5 291 

299 299 296 297.5 283 290 

291 296 293 294 289 289 

295 295 293 293 281.5 288 
291 290 

288 260 259 255 250 253 

288 263 260 259.5 222 248 

290 273 273 270 115 216 
292 301 279.5 275 168 199 

3- 2 u a  712 
141 122.5 158 111.5 

143, 127.5 160 LOO 

152.5 137 160 I 1 5  

189 140 168 120 

192 152 197 I l t  

204 160 203 123 

205 164.5 192.5129 

204 173 202 131 

204 175 195 130.5 

203 170 194 131 

194 IC4 181 133 

180 149 174.5130.5 

148 139 168 I29  
143 142 174 I 2 8  
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TABLE 20 

Data From CoolMt Shutoff Toot* on Slmulated Shell-tuba Confi#uratlonm. Tcmt No. 9. I 1  

YuJtudo OI R o o o u o  0.clllatloar 
(PO0 

Mean 
Remouro 

Tlmo Levo1 Ialot Exit Tuba I Tuba 2 Tube 5 
joocondm) (pmix) M.nll01d Manifold E d t  E d t  Edt  

3 
4 
5 
6 
6.075 
6. I5 
6.2 
6.27 
6.29 
6.5 
6.6 
7 
8 
9 
IO 
I 1  
12 
13 
I 4  
I 5  
16 
I 7  
I 8  
19 
20 
21 
22 
23 
24 
25 
Zb 
27 
23 
29 
30 
30.5 
30.6 
30.7 
31 
31. 1 
31.15 
31. 3 
31.49 
31.525 
31.6 

0 36.2 
I 36.9 
2 36.0 
Valvo c l o l e d  

39. e 
39.9 
10.3 
39. e 

40.1 
39.6 
40.0 
39.2 
39.2 
39.5 
39.2 
39.4 
39.35 
39.0 
38.0 
38.95 
38.3 
38.6 
36.6 
37. I 
37.5 
37. 2 
36.75 
36.9 
38.0 
38.2 
31.0 
36.0 

a. 0 

32 25.95 
Valve Reopened 
33 26.5 
34 27.5 
35 29.0 

8.0 
4.0 
5.0 

3.0 
3.0 
1.0 
0 

1.0 
2.0 
2. 5 
2.5 
2.2 
2.0 
2.5 
2.5 
2. 1 
2.0 
2.5 
3.0 
2.5 
2.0 
2.0 
2.0 
2.5 
3.0 
3.0 
2.7 
2.4 
3.0 
3.3 
3.6 

4.0 

5.5 

7.5 
5.0 
7.0 

3. I 
3.4 
3. 5 

3.4 
2.5 
1.0 
. 7  

. 9  
1.0 
I .  I 
1.0 
1.0 
1. I 
1.2 
I. 2 
I. 2 
I .2 
1.4 
I. 9 
1.4 
1.0 
I .  0 
1.5 
I .  7 
2.0 
2.0 
1.6 
I .  I 
1.3 
I.  6 
I. 9 

2.3 

3.5 

4.8 
4.0 
4 .1  

2.9 
4.5 
5.0 

3.3 
2.0 
1.5 
.9 

. 9  
1.0 
1.0 
1.0 
1.5 
1.9 
2.0 
2.0 
1.7 
I .  5 
1.4 
1.4 
1.5 
I .  5 
1.5 
I. 3 
1.4 
1.5 
1.5 
. 7  
0 

1.0 
1.7 
2.0 

2.2 

3.5 

5.0 
4 .0 -  
5.0 

7.5 
12.0 
1. s 
6 . 5  
2.5 
2.0 
2.5 

2.5 
2.0 
2 .0  
2.0 
2.2 
2.0 
2.4 
2.4 
2.2 
2.0 
2. 2 
2.4 
2.4 
2.4 
2.4 
2.5 
2.8 
3.0 
3.0 
2. 7 
L.5 
3.0 
3. 5 
3.0 

2.5 

6.5 

9.0 
IO. 0 
11.5 

3.0 
4.0 
4.0 

2.4 
0 

2.2 
2.0 

2.0 
1.9 
1.9 
1.9 
2.0 
1.9 
2.0 
2.0 
2.0 
2.0 
I .  5 
1.0 
1.2 
1.5 
1.5 
1.8 
I. 7 
2.0 
2.0 
2.0 
2.0 
2.2 
2.4 
2.5 

2.5 

4.0 

5.5 
4.0 
4 4  

I .  Cooling arranpement acromm tubem 
2. Orlflcem in tube exltm 
3. Tuba uem horIxont.1. tubom mtacked In horlxontal planr 
4. Condenmlna mtrarn l lor rat. per tub. prlor to mhutolf = 0.021 Iblmec 
5. Coollne flow ralr per t u b  prlor to mhutoll 0.81 Ib/mrc 
6. Cooline acctionm shut off - rnlddlr 
7. L r l c  lnl.1 hra&r 

Moan Temperature Levelm (*I) 

TI  P T3 ‘E1 T5 T6 7 7  I8 T 9  T i 0  T i l  T i 2  
c - - - -  - - _ . - - - -  

296 290 291 292 287 286 I89 196 141 121 158 101 

299 290.5 292 295.5 290 290 188 195 144 130 159 I I J . 5  

304 298 297 100 296 297 187.5 209 141 I 3 1  I55  101 

304 WO 297.5 301 298 298 LIO 282 148 1 3 1  170.5 99 
284 
288 
28 I 
282 
280 
288 
215 
29 I 

304.7 298 298 302 298 298 212 292 179 130.5 !97 9’1 

304 298 299 302 295 297 230 292 199 155 195 114 

303 296 297 300 295 294 239 290 204 155 I 9 1  1ZL 

301 295 296 300 295 294 L41 290 ,210 154 196 

303 294.5 296 300 295 294 248 290 214 161 200 131 

299 292 293 297 290 291 249.5 287 225 160 201 133 

303 294 293 299 294 293 243 290 230 152 1*6 1 3 2  

299 291 292 296 290 289 2 5 t  286 234 150 191 142 

28 1 
272 
277 

273 
26 1 
273 
26 I 
269 
242 

2 0  280 281 282 277 275 247 274 2 3 5  160 I94 158 

PAQE NO. 5 0  



P R A l T  h WHITNCY AIRCRAFT 

3.0 
4.0 
5.0 
6.0 
7.0 
8.0  
9.0 
10.0 
11.0 
12.0 
13.0 
14.t 
15.0 
16.0 
17.0 
18.0  
19.0 
2C.0 
21 . o  
22.0 
23.0 
24.0 
25.0 
26.0 
27.0 
2 8 . 0  
29.c 
30.0 

TABLE 2 1  

b t a  From Coolan1 Srutoff Temlm on Simulated Se l l -Tube Configuratlonm. Temt No. 9.12 

Uannitude of Piemmure Omclllattonm 
( p 4  

Mcon 
Prcmmure 

Time &vel 
Jmecondi) (pmig) 

0 36.4 
l.C 36.3 
2.0 35.3 

Valve Clomed 
35.9 
3 5 . 8  
36.0 
35.5 
35.4 
35.6 
36. I 
35.7 
35.8 
J5.5 
35.6 
36.0 
35.9 
35.4 
35.7 
36. 2 
36.2 
36.0 
35.7 
35.7 
36.0 
36.1 
36.1 
35.9 
35.9 
36.0 
35.7 
36. I 

Valve Re.opned 
3 1 . 0 ,  34.9 

33.0 36.4 
34.C 36.0 
35.0 16.0 

32.0 35.m 

PWA-2315 

Ink1 Exit Tube I Tube 2 Tube 3 
Manifold Uanilold Exi t  Exit Exit ----- 
5.9 
8.5 
2.6 

7.2 
6.C 
7.9 
4.2 
6.0 
10.0 
6.3 
8.0 
5.0 
6.5 
6.3 
7.0 
7.6 
4.6 
7.1 
6.2 
4.9 
6.0 
6.5 
6.5 
7.0 
7.5 
6‘. 0 
5.0 
6.2 
3.0 
6.5 
6.0 

9.5 
7.0 
6.9 
7.3 
6.9 

4.9 
6.0 
4.0 

5.0 
4.7 
4.3 
3.6 
3.4 
5.0 
4.3 
6.0 
4.0 
4.9 
3.8 
4.7 
4.3 
3.8 
4.8 
4.0 
3.6 
3.5 
4.0 
4.5 
4.6 
5 . 2  
4.0 
4.0 
4.2 
2.8 
4.0 
3.6 

7.0 
5.0 
4.7 
4.4 
2.0  

7.0 
4.0 
8 .0  

4.5 
4.0 
2.9 
I .9 
3.0 
6.2 
6.0 
5 . 0  
3.0 
4.0 
4.0 
4.1 
4.0 
3. I 
6.0 
4.0 
4.0 
4.5 
3.5 
4.5 
4.5 
8.0 
4.5 
6.5 
6.0 
5.0 
3.0 
3.5 

8.0 
6.0 
3.5 
5.5 
3.6 

5.3 
14.0 
6.0 

1.2 
10.0 
7.0 
6.0 
5.2 
7.8 
6.0 
6.0 
5.6 
6.0 
6. ? 
6.8 
8.9 
6.0 
9.0 
9.0 
6.0 
5.7 
6.0 
7.5 
9.2 
7.0 
8.5 
7.3 
8.5 
2.8 
6.0 
5.0 

9.0 
10.0 
5.9 
8.8 
2.5 

4.0 
6.0 
4.0 

4.5 
4.0 
3.5 
3.0 
3.5 
4.0 
4.0 
3.5 
3.4 
4.4 
3.6 
4.8 
4.5 
3.0 
5.6 
5.0 
3.5 
4.0 
I .  5 
3.5 
4.0 
5.0 
4.0 
4.0 
4.5 
2.8 
4.0 
3 . 8  

5.5 
6.0 
3.9 
5.0 
3.5 

I .  Cooling arrangement acromm tubem 
2. Orlficcm In lube exitm 
3 .  Tube maem horiaontal. l u b e  atached in horlxontal plane 
4, Cnndrnalnn # I C A m  nW ? A I 0  PP? t u b  CrIo? le ahuldf m’O.011 lbl irr  
5. Coollng f lov  rmte per tube prior lo mhutofr s 0.81 lblmec 
6 .  Coollng mcctionm nearrmi exit header mhui of! 
7. Large inlet header 

Mean Temperature Lcvcl. (OF) 

TI 

29 3 

294 

- 

299 

298 

29 6 

295 

29 7 

298 

29 7 

298 

29 7 

29 7 

29 8 

298 

297 

299 

294 

R 

283 

285 

- 

290 

29 I 

2 89 

289 

2 09 

290 

2 89 

29 I 

290 

290 

29 I 

29 I 

29 1 

292 

289 

T3 T4 T5 T6 T7 T8 

289 292 280 285 1U9 I80 I44 126 158 I O 2  

290 292 286 287 I89 195 142 I30 158 112 

- - - - - -  

290.5 294 289 288 189 

290.5 294 29C 288 I87 

290 292 288 286 191 

290 292 289 285 186 

291 294 289 287 I89 

292 295 290 289 187 

290 294 288 288 189 

292 294 290 289 193.5 

292 295 289 290 190 

291 294 289 287.5 I88 

292 295 289 289 232 

291.5 294 289 288 234 

188 

187 

189 

198 

198 

198 

197 

198 

188 

197 

195.5 

193 

141 

I IC 

145 

143 

143 

142 

145 

139 

144 

145 

141 

140 

129 I55 IC7 

I32  161 110 

138 167 110 

141 I69 I16 

147 171 I21 

146 177 132 

146 179 122 

1.C I79 129 

IS2 179 128 

152  I77 I27 

I52 I78 134 

156 178 132 

292 295 289 288 232 191 141 156 178 135 

293 295 290 289 187 I87 138 I54 174 I 3 2  

287 291 287 284 I85 189 140 I37 160 I26 
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TABLE 22 

Data F r o m  Coolant Shutoff Pests on Simulated Shell-Tube Conftgurations. Test  No. 9. I 3  

Magnitude of P r e s s u r e  Oscillationa 
(psi)  Mean 

P r e  s su re  

2. I 
2.16 
2.2 
2.28 
2.4 
3.0 
4.0 
5.0 
6.0 
7.0 
8.0 
9.0 

10.0 
11.0 
12.0 
13.0 
14.0 
15.0 
16.0 
17.0 
18.0 
18.2 
18.225 
18.27 
18.3 
18.35 
18.4 
18.444 
18.6 
18.835 
18.Y 
1'). I 
19.2 
19.24 
19.29 
19.34 
19.394 
19.42 
20.0  
2 0 . 8 2  
20.84 
20.9 
21 . o  
22.0 
23.0 
24.0 

Time Level 
lsecondi) (psip) 

0 35.4 
1.0 37.0 
2.0 34.3 

Valve Cloned 

50.5 
49.0 
47.0 
44.9 
42.5 
40.5 
39.3 
38.8 
39.5 
39.0 
37.4 
37.6 
39.0 
37.5 
38.9 
36.9 

38.0 

39.0 

36.2 
3 5 . 1  
35.9  
36.2 

Inlet Enit T u b  1 Tube 2 Tube 3 
Manifold Manifold Eni t  Lnlt Enit ----- 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
C 

a 

0 

0 
0 
0 
0 

1. I 
3.3 
0 

0 
0 
1.0 
0 
1.0 
0 
1.0 
0 
0 
1.0 
0 
0 
1.0 
0 
0 
0 

0 

0 

0 
0 
1.0 
0 

2 .0  2 . C  2.4 
4.0 3.0 4.0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0 

0 
0 
0 
0 

0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0 

0 
0 
0 
0 

0 

4.8 
2.4 
2.0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 

0 

0 
0 
0 
0 

1 .  Cooling arrangcmcnt  ac roas  tubes 
2. Oril lces  In tube cnita 
3. 
4.  
5. 
6. 
7. Small Inlet header 

Tube anem horixontml. tubem stacked In horiaontal plane 
Condsnslng st*am flow rat. p r  tub.  prim to shutoff 0.011 Ib/sec 
Cooling flow rate per tube prior  to shutdf  * 0.81 Ib l acc  
Cooling section nearest  inlet #hut off 

Mean T e m p r a t u r e  Levels (OF) 

E L  
312 
312 
316 

318 

310 

305 

310 

313 

313.5 

313 

313 

3 1 3  

312 

fi 
306 
310 
312 

3 IO 

306 

306 

306 

308 

307 

307 

307 

306 

307 

a 
304 
31  I 
31 1 

313 

308 

36'1 

307 

306 

307 

306 

306 

306 

305 

3 
289 
317 
307 

308 

302 

296 

292 

292 

29 I 

29 I 

290 

29 3 

289 

3 
29 I  
290 
306 

309 

302 

295 

292 

29 1 

29 1 

290 

2 89 

292 

29 '1 

Th 
212 
213 
223 

232 
252 
25 3 
308 
3 1 1  

310 

303 

299 

294 

29 3 

29 1 

29 1 

297 

299 

29 8 

= l a .  
I87 199 
189 193 
191 199 

199 225 

213 230 

220 232  

221 232 

222 237.5 

222 239 

223 248 

221 259 
257 
276 
26L5 
286 
280 
289 
28 1 
290 
288 
262 

264 
L Z J  

L7 I 
2 89 
280 
289 

224 290 
284 
287 
286 
265 

222 244 

19- 
129 
I30  
127 

I43  

I66 

184 

I87 

I87 

184 

186 

I86 

189 

I88 

LLn 
125 
128 
I27 

I48 

138 

143 

147 

I53  

151 

I54 

151 

154 

157 

jlL 
158 
157 
152 

I52 

171 

173 

175 

I79 

179 

179 

182 

187 

194 

a 
101 
99.9 
93 

98 

110 

I 1  I 

1 1 1  

118 

1 I9 

119 

121 

I17 

119 

PAGE NO. 5 2  
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Mean 
Pre s sur. 

Time Level  
Jarconds) (pslg) 

25.0 36.0 
25.5 
25.555 
25.6  
26.0 40.8 
27.0 40.9 
28.0 40.7 
29.0 37.6 
30.0 37.5 
Valve R e  opened 
30.6 
31.0 25.1 
32.0 19.0 
3 2 . 8  
32.875 
32.886 
33.0 21.0 
33.06 
33.3 
34.0 25.5 
35.0 28.4 

TABLE 22 (Cont'd.) 

Magnitude of Pre**ur. O*cll la t lon~ 
(psi) 

Inlet Exit Tube I Tube 2 Tub. 3 
Manlfold Manlfold Exit Exit Exit ----- 

0 1.0 
0 1.0 
0 0 
0 1.0 
0 1.0 

0 1.7 
0 1.5 

0 .9  

0 1.9 
0 1.4 

0 0 
0 0 
0 0 
0 0 
0 0 

0 0 
0 2.0 

0 0 

0 1 .8  
0 0 

0 
0 
0 
0 
0 

0 
2.9 

0 

2.0 
1.0 

Mean Temperature Levels ('F) 

TI - 

314 

313 

309 

30 6 

IO8 

P - 

309 

300 

303 

299 

302 

I 3  z( - -  

307 294 

305 290 

300 269 

299 259 

301 273 

7 5  - 

29 7 

290 

269 

259 

273 

1 6  

299 

299 

268 

259 

270 

274 
260 
289 

227 293 

221 200 

219 267 

25 2 
248 
25 3 

210 229 
248 
226 

19C.5 211 

185 

190 

179 

165 

151 

154 

157 

152 

15 I 

134 

190 

192 

178 

192 

179 

T 12 - 

1 L O  

119 

134 
121 

118 

108 

PAOK NO. 53 
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THERMOCOUPLE LOCATIONS 
TUBES 

I 
17 

Conditlons 

TABLE 23 

Data F r o m  Coolant Srutoff T e s t s  on Simulated Shell-Tube Configurations. Tes t  No. 9. 14 

1. Cooling arrangement a c r o s s  tubes 
2. Orifices in tube exits 
3. T u b  a x e s  horiiontal .  t u b s  stacked in horizontal plane 
4. Condensing steam flow rate p r  t u b  prior to shut oll s 0.021 1bls.c 
5 .  Coollng flow ra te .per  tube pr ior  to shut off = 0.81 Ib /sec  
6. Cooling sections shut off - middle 
7. Small inlet header 

Magnitude of P r e s s u r e  Oscillation. 
(psi)  Mean 

P r e s s u r e  
Time Level Inlet Exit  Tube 1 T u k Z  Tube 3 

Jseconds) (psig) Manifold Manifold Exit  Exit Exit 

0 36.0 
1 43.0 
2 36.5 

Valve Closed 
3 40.0 
4 40.5 
5 40.5 
6 41.0 
7 40.5 
8 40.6 
9 41.1 

10 40.6 
I I  40.2 
12 39.6 
13 39.7 
I4 40.4 
15 40 .6  
16 40.4 
17 38 .8  
18 3'1.0 
19 36.1 
20 39.6 
21  39.0 
22 33.8 
23 35.0 
Valve R e o a n e d  
24 
25 
25.7 
25.76 
25.8 
26 
27 
28 

30.4 
27.5 

26.0  
25.5 
28.5 

0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
0 

0 
0 
0 

1 .3  
3.5 
4.1 

.5 
0 
0 

.6 

.6 

.7  

.6 

.8 

. 2  
1.0 
1.4 
0 

. 5  

. 4  
1.0 
1.0 
1.0 

. 3  

.8 
1.0 
1 . 3  

.a 
1.8 

1.0 
3.7 
4.4 

3.0 
4.8 
6.0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
2.0 

0 
3.1 
3.9 

2.3 
4.7 
5.0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
7.. 3 

2.0  
4.5 
7.0 

2.9 
4.0 
3.9 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

0 
3 . 0  

1.8 
4.0 
4.7 

Mean Temperature Levels (OF) 

9- 
312 

312 

307 

314 

314 

312 

3 1  1 

302 

310 

309 

310 

2 X . L  
307 311 

306 303 

3085 306 

309 

308 

308 

307 

30 6 

305 

304 

304 

306 

306 

306 

3c5 

303 

302 

30 1 

L F z T L e  
316 293 289 

312 3 1 1  314 

298 296 297 

294 298 297.5 

294 296 298 

294 294 295 

290 290 290 

286 284 283 

278 279 283 

267 269 268 

30L5 274 276 272 

Tr Tka 
188 199 138 

190 199 147.5 

193 257 138 

219 282 I 5 1  

233 2915 180 

235 291 191 

260 288 206 

274.5 284 213 

249 277 213 

262.5 
240 
263 

294 236 204 

212 2 0 8  174 

u- 
123 

124 

13C 

1315 

139.9 

I S @  

149 

169 

157 

154 

144 

WTLL 
156 107 

i s a s  1c6  

158 9 7  

206 97 

206 101 

199 I 1 3  

Z G C  I3C 

201 129 

1811 130 

194 134 

179 136 

P A Q L  NO. 54 
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TABLE 24 

Drta From COOiant &ulOff Temtm on Srnqlmted Sell-Tube Configurations. Tewt No. 9.15 

THERMOCOUPLE LOUTIONS Condltloaa: I .  
TUBES 

IN It 

Mqnttude of Pre wmure OacilLtIons 
(pai) Mean 

Pre wsu r8 
Time Level  Inlet Exit l u b e  I Ti.b.2 Tvbe 3 

(second* (pmig) Manifold Manifold Exit Ex11 Exit 
10.5 9.0 0 35.6 5.3 7.3 

I 36.6 
2 36.4 
Valvo Closed 
3 36.5 
4 36.5 
5 36.5 
6 36.6 
7 36.4 
8 36.1 
9 36.4 

10 36.6 
1 1  36.6 
I2 36.6 
13 36.1 
14 36.4 
15 35.9 
I6 36.5 
I7 36.6 
18 36.5 
19 35.8 
20 36.5 
21 36.6 
22 36.4 
23 36.4 
24 36.5 
25 36.6 
26 36.4 
27 36.4 
28 36.0 
29 36.8 
30 36.5,  
Valve Rmopened 
31 36.6 
32 36.3 
33 36.9 
34 36.5 
35 36.3 
36 36.8 
3 1  37.0 
38 37.0 
39 37.2 
40 36. I 
41 37.0 
42 36.9 
43 37.0 
44 36.9 
45 36.8 
46 37.2 
47 36.9 
48 36.6 
49 31 .0  

3.3 
2.8 

0.9 
0 . 0  
2.7 
3.4 
2.05 
3.8 
5.3 
1. I 
1.0 
1.0 
3. I 
1.1 
3.2 
1 .1  
0.6 
0.5 
4.9 
2.1 
5.5 
4.3 
4.9 
0.6 
1.2 
1.1 
0.95 
5.0 
4.1 
5.5 

6.0 
3 .1  
4.85 
5.5 
5.0 
2.2 
1.6 
3.9 
2.9 
5 .3  
5.2 
4.75 
4.6 
1.2 
2.3 
0.75 
6.05 
4.3 
4.01 

6.0 
13.0 

2.6 
2.3 
7.0 
5.6 
3.0 
5.5 
8 . 0  
3.0 
3.0 
0.0  
6.0 
0.0  
4.5 
0 . 0  
0 . 0  
0 . 0  
5.5 
4.0 
5.5 
5.5 
5.0 
0 . 0  
1.9 
1.5 
0.0 
8.3 
7.0 
8.1 

10.0 
5.0 
5.8 
7.3 
5.3 
3.8 
0.0 
2 . 0  
3.5 
5.5 
8.0  
7 . 3  
3.0 
4.5 
2.4 
0 . 0  
8 .0  
5.8 
4.95 

8.6 3.9 
6.0 5.5 

0 . 0  1.5 
0 .C 1.6 
6.5 5.0 
1 . 5  3 . 8  
7.0 3.5 
7.6 4.5 

12.0 6.5 
8 . 0  2.5 
0.0  1.9 
3.8 1.9 
8.8 9.1 
7.0 2.1 
6.5 3.3 
2.55 2.0 
0 . 0  2.0 
0 . 0  1.5  

12.0 11.5 
10.0 2.3 
6.5 5.5 

10.0 4.0 
3.0 5.1 
2.1 3.8 
4.3 2.5 
2.55 1.9 
2.7 2.3 

13.0 5.8 
10.6 5.5 
15.0 6.5 

12.3 6.0 
12.2 3.9 
11.2 5.5 
15.0 6.0 
15.0 5.5 
7.0 3.0 
3.0 2.1 

9.5 3.0 
8.0 9.0 

14.0 6.0 
14.0 5.5 
4.8 4.8 
3.0 2 . 0  
5.0 3 . 1  
0.0  2.6 

19.0 6.0 
11.25 4.5 
9 . 0 .  4.0 

8.9 3 . 8  

2. 
3. 
4. 
5. 
6. 
7. 

Cooling arrangement mcroaw tubem 
Orifice. in tube exit. 
Tube axes horixonlal. tubem wtrcked In horirontal plane 
Concknming .team flow rate per tube prIor to mhucoff = 0.021 Ib/mec 
Cooling flow rate per tube prior to shutoff = 0.81 Iblmec 
Coollni mectlonw nearewt exit header mhul off 
Small Inlet header 

Mean Temperature Levelw (OF) 

Z L L E I r I L E L T a  

300 293 295 280.9 293 290 

300 292 311 281 290.5 290 

300 288 2945 283 293 291 

289 290 294 28a5 290.8 289 

299.5 290 294 281 291 290 

299 2917 294 280 295 289.5 

300 1.99.5 295.5 282 29L5 290 

299 290 295 281 292 290 

300 292 295 282 290.8 290 

300 290 296 282 292 290 

300 290.5 294 282 292 290 

300 29p.8 295 2.92 293 29a5 

300 293 296 283 293 291 

300 231 295 283 291 29a5 

299.5 290 295 281 292 290 

300 29a5 29x5 282 292 290.5 

298 290.8 294 283 292 289.6 

299.5 292 2945 281.5 290.5 290 

300 

30 1 

29 n 

30 I 

300 

30 I 

299 
302 

298 296 281.5 291 290 

291.5 Z9b5 283 293 301.5 

290 292 

290 294 

291 296 

291.5 296 

290 291 
291.5 295 

01 ransduce r InoperatLve 
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280 290 287 

282 291.5 290 

2845 292 293 

2845 293 292 

281 290 290 
2845 294 292 

I r T k  
195 210 

190 203 

190 203 

193 198 

195 203 

189 193.5 

192 193 

190 196 

19a5  198 

190 204 

191 200 

190 194 

190 195.5 

190 209.5 

189 197 

i 9 a 8  196 

192 ZOO 

193 2D6 

195 193 

193 197 

191 200 

194 195 

190.6 195.5 

190 198 

195 190 
190 '195 

Z L T l k L L L Z L L  
139.5 128 150 106 

139 128 161 lC5.5 

138 130 155 995  

I43 I35 169 104 

143.5 1385 169.5 109 

147.5 147 174 I20 

140.5 149 171 117 

I44 151 180 127.5 

142 153 180 122.5 

140 155 178 123 

140 155.5 186 127 

143 154 180.5 128 

141  156 180.5 129.5 

139 157.5 180 130.5 

139 1 5 U  I82 134 

143 155 188 133 

139.5 1585 180.5 1 3 3  

144 159 18c5  137 

14C.8 16C8 181 I 4 C  

142 160 181.5 139 

140 159 181 14C.5 

143  153 173 i i n  
136 

143 142 157.5 124 
I I7 

140 136 156 111 
1 1 2  

1445 I32 I60 110.5 
144 134 168 110 
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TABLE 25 

Data From Coolant S u t o l f  Teat* on Simulated S e l l - T u b e  Codiguratlonm. Temt No. 9. 16 

Condltlonm I .  Cooling ar rangement  parall.1 to tubem 
2 .  No orifice. 
3. Tube a x e s  horisontal .  tuber  mtacked ir. rmrt1c.l p l m m  
4. Condenming steam flow rata per tube prior to shutoff = 0.022 Iblmec 
5. Cooling flow rate per tube pr ior  to rhutoff a 0.81  1blm.c 
6. Coolant to middle tube mhut off 
T .  t r r p  inlet h r a d r r  

hbsnicud. of Premmutr Omcillations 
(p.1) 

Maan 
Premmure 

Time Level Inlet Exit Tube I Tube2  T u b 3  
Jmeconds) (pmig) Manifold Manifold Exlt Exit  Exit 

0 34.5 
.04 
.IO 
. 20 

1.0 34.4 
2.0 34.0 

Valva Closed 
2.65 
2.70 
3.0 
4 .0  
4.3 
4.5 
4.75 
5 .0  
6.0 
6 .9  
6.95 
6 .97  
7.0 
7.2 
7.25 
7.35 
7.45 
7.58 
7.6 
7.7 
7 .8  
8 . 0  
9.0 
9 .9  

10.0 
10.2 
11.0 
12.0 
13 .0  
13.4 
13.5 
13.6 
14.0 
14.1 
14.25 
15.0 
IS. 7 
15.85 
16.0 
16.3 
16.45 
16.6 
17 .0  
18.0 
18.45 

18.7 
19.0 

:e.ss 

43.3 
47.5 

50.5 
50.0 

48.0 

42.5 
43.0 

42.0 

41.5 
41.0 
40.5 

38.5 

40.0 

38.5 

38.5 
40.5 

37.5 

9 

7 
11.5 

12.5 
9 .0  

6.0 
10.0 

28.0 

24.0 
29.0 

54.0 

33; 0 
20.0 
4$. 0 

31.0 

41.0 

38.0 

33.0 
38.0 

32.3 

7.0 

5.0 
9.0 

7.9 
6.0 

3.5 
5.9 

19.1 

3.5 
22.5 

28.8 

20.5 
18.0 
28.4 

21.1 

23.1 

18.9 

20.2 
21.9 

24.2 

10.0 13.0 

7.0 15.5 
12.5 13.0 

12.5 12.6 
17.0 12.7 

6.5 4.5 
13.0 11.0 

21.0 21:o 

5.0 8.0  
25.0 14.0 

43.0 24.0 

24.0 19.5 
21.5 15.0 
37.3 19.0 

29.0 17.5 

36.5 18.0 

31.0 18.5 

27.0 16.5 
31.5 25.0 

32.0 23.5 

8 .5  

6.5 
12.0 

12.5 
11.0 

7 . 0  
10.0 

23.5 

7 . 0  
22.3 

35.0 

22.6 
24.0 
32.0  

27.0 

30.0 

2 8 . 0  

27.0 
26.0 

34.0 

Mean Tempra tu rm Levrlm ( O F )  

II 
300 

299 
300 

317 
321 

327 
325 

32 1 

31 7 
315 

31 1 

3 1  1 
310 
310 

306 

310 

303 

307 
308 

302 

PAGE NO. 56 

- T 2  

29 I 

290.5 
290.5 

305.5 
310 

316 
115 

311  

305 
307 

304 

303 
302 
30 1 

300 

301 

298 

299 
301 

295 

T + . I F I L T s  
292 285 291 239 

236 
278 
247 

290 281 29G.5 248 
293 286 291 228 

307 299 304 214 
309 301.5 309 213 

317.5 309 
317 307 

310 301  

307 299 
307.5 299 

301 296 

305 296 
3CI 292 
300.5 292 

299.9 291 

300 292 

298 291 

295 291 
301 294 

297 290 

310 203 
310 173 

246 
290 
267 

245 
283 

309 

267 

304 

300 
294 307 

295 302 

300 304 
301 301 
298 300.5 

297.5 299.9 

300 300 

293 298 

298 297 
302 301 

T ' I 3  
168 192 

168 196 
171 192 

223 
29 1 

167 300 
157 305.5 

157 3 1 1  
167 3 1 a s  

178 305 

165 3CO 
I77 301 

175 299 

172 29a 
172 296 
177 297.5 

175 293 

171 294 

167 290 

158 291 
163.5 295 

293 293 163 291 

2L 
128 

130.5 
I29 

106 
I21 

I 17.5 
106 

121 

134 
130 

155 

154 
155 
158 

158 

155 

150 

145.5 
142 

126 

123 
123 

124 
117 

120 
121 

129 

I 1 8  
125 

I21 

1 zn 
123 
I23  

27 

21 

24 

119 
I I 8  

153 I15 

159 I09 

I60 113 
152 108 

I58 1CB5 
170 103.5 
215 
21 3 
309 
312 104 
313 9 8  

308 1 1 1  

307 
240 
304 

3 0 3  

170 
298 100 
301 100 
30 I 
157 I 1 0  
29 c 
293 106 
299 109 
300 I20 
295 
236.5 
290 
295 126 
258 
29 3 
298 117 
296 
169 
283 117 
290 
165 
280 
294 I1C 

296 
179 
29 0 
29c 110 

- 110.5 
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Mean 
Reaaur* 

Time Lord 
leceonda) [pain) 

19. I 5  
19.3 
20.0 41.0 
LO. 85 
20.92 
21.0 39.0 
21.15 
21.25 
21.5  
22.0 39.0 
23.0 46.5 
23 .2  
23.35 
23 .5  
24.0 39.0 
VALV. l h o p n r d  
24.15 
24.4 
25.0 35 .c  
25. I2 
26.0 22.0 
27.0 18.5 
28.0 22.0 
28.2 
29.0 24.0 
30.0 27.0 
30.6 
30.75 
31.0 2v.o 
32.0 31.0  
33 .0  3 B . O  
34.0 34.0 
35.0 36.5 

M u d t u d a  of Reaaur* O a c l l l r t l w  

37.0 17.5 26.0 17.3 27.0 

40.0 25.0 39.0 24.9 27.0 

26.0 19.2 2Y.U 16.U 21.6 
41.0 16.75 35.0 22.0 22.0 

48.5 30.V 40.0 28.5 38.0 

7.0 3.6 8 .5  6 . 8  8 . 0  

7.1 3.) 7 . 3  8.0 7 .0  
5 . 5  4 . 3  7 . 3  7 .3  5 . 5  
0 .0  2-4 0 .0  0.0 0.0 

10.0 7 .3  12.0 10.5 9.1 
10.0 6 .7  9 .0  13 .0  8 . 5  

10.0 6 .4  10.6 13.0 10.0 
10.8 7 . 3  12.0 16.0 10.5 
9.5 6.45 10.5 13.9 9 : )  
9 . 5  6 . 3  11.5 14.0 11 .5  

11.0 8.0 11.0 19.0 10.0 

Mean Temperabra Lerclm (OF) 

T i  h T3 4 1 5  T6 T7 T8 T9 ?IO T i 1  T I Z  
L - - - - - - -- --- 

173 
2 79 

295 
ZOO 

296 
I77 
294 

310 303 300.3 293 300 300 160 295 14as  112 296 106 

308 300 299 291 300 300 163 295 147.5 I20 280 112 

386 308 298 291 299 299 1645 2VL 147.5 I17 - 116 
309.5 300 300 292 300 300 169 293 147.5 I 1 8  - I C 8  

255 
178 
284 

303 300 300.5 293 297 296 I69 294 I S 3  119 322 1 lQt  

300 

275 
269 
279 

284 
294 

29 1.9 
299.5 
299 
300 
302 

173 - 
291 - 
172 - 291 293 286 290 291 163 283 148 113 288 109 

270.5 268 260 263 263 192 263 170' 123 184 114 
265 260 253 261 259.5 186 259 167.5 121 163 114 
280 270 263 267 265 178 261 169.5 123 175 115 

286 274 265 271 268 180 229 156 125 174 116 
288 280 271 278 288 1725 I88 158 125 167.5 119.5 

229 - -  

21 7 - -  
248 - -  

289.5 284 275 284 247 164.5 I88 150 123 179 117 
290 285 277 285 241 162 183 139 I27 174 118 
289 290 281 290 238 163 195 131 125 159 1 1 1  

292 293 287 292 210 16L5 195 116 120 169 IC5 
290 291 284 29a5 229 162 193 122 1 2 0  154 1 1 7  



P R A T T  h WHlTNtY  AIRCRAFT 

~ ~~ 

PWA-23 15 

TABLE 26 

Lhta from Coolant Shubff  Teat# on Slrnulated Shell-Tube Conflguratlone. Teat No. 9.1 I 

MLRHOCWPLC W C N I O N ~  Condltlona: 
TUBES 

IT 
I 

Mapi tude  of Preaaure  Oacillationm 
(Pal) Mean 

Premaure 
Time T.ry-1 Inlet Exit Tube I Tube 2 Tube 3 

(aeconda) (psig) Manifold Manifold Exlt Exit Exit 

0. 34.6 
1.0 35.5 
2.0 35.5 

Valve domed 
2.66 
2.8 
3.0 38.9 
4 .0  42.0 
5.0 42.55 
6.0 43.5 
7.0 42.5 
8.0 4 2 . 0  
8.53 
8.65 
9.0 41.5 
9.04 
9. 15 
9. 3 

10.0 39.5 
11.0  38.5 
i t .  0 jC.9 
13 .0  3 E . O  
14.0 40.0 
15.0 40. 0 
i 6 .0  40. 0 
17.0 40.0 
18.0 4 1 . 0  
19.0 39.0 
20.0 38.0 
20. ? 
21.0 36.5 
22.0 37.0 
2:. 0 37.0 
24. 0 37.4 
24.5 
24.65 
25.0 33.5 
26.0 36.5 
27.p 38.5 
28.0 34.5 
29.0 35.0 
30.0 38.0 

6.95 
7.0 
7.5 

9.0 
6.0 
5.3 
6.4 
7.0 
6. 1 

6.8 

5 . 3  
6.8 
6.5 
5.5 
5.0 
5.8 
6.3 
5.6 
6. 1 
5.8 
5.5 

5.9 
5. 3 
5.0 
5.9 

5.2 
5. 1 
5.2 
7.35 
6.3 
4.5 

IO. 5 
9.5 

12. 5 

13.5 
10.0 
7.5 

10.0 
11.0 
11.0 

9.0 

9.5 
10.0 
9.0 
7.5 
8 . 0  
8 . 0  
9.5 
7. 5 
8 . 0  
7.8 
8 .0  

8.0 
7.0 
7. 7 
7.0 

7.0 
7.5 
7.3 
8. 0 
8.0 
7.0 

12.7 
11.5 
15.0 

14.0 
11.0 
11.5 
12.0 
11.0 
10.0 

11.5 

9.0 
8.5 

11.0 
7.5 
8.5 
8 . 0  

10.5 
7.0 
7.0 
7.0 
7.3 

7. 3 
6.5 
6.0 
8. 0 

8.0 
7.3 
7.0 

10.0 
7.5 
7.0 

12.5 
IS. 0 
12.5 

13. 0 
13.0 
IS. 5 
15.0 
12. !I 
IS. 0 

12.0 

12.5 
17. 5 
16.0 
12.7 
12.5 
11.5 
12.0 
12.0 
12.5 
18.5 
12.7 

12.5 
10.8 
9 . 8  

12.0 

14.0 
9.0 

12.5 
15.5 
15.0 
12.0 

10. 3 
11.0 
11. 5 

13.0 
9.5 
8.5 
9 .5  

12.0 
10.0 

9. 1 

8.5 
9.0 

10. 3 
8. 0 
9 .0  
8 . 0  
9.5 
7. 3 
7. 7 
8 . 0  
8.0 

8. 3 
7. 3 
1.6 
8 .0  

5.3 
7. 3 
7.5 
9.0 
8.0 
7. 5 

I .  Cooling arrangement  pararrcl to tube. 
2. No oriftcea 
3. Tube axem horizontal. tubem .tacked in ver t ical  plane 
4. 
5. 
6. 
7. Large inlet header 

Condenming ateam flow rate per tube p r io r  to ahutoff = 0.022 Ib/.ac 
Coolin# flow r a t e  por tuba prlor Io ahutoff = 0.81 Iblaec 
Coolant to bottom tube #hut off 

Mean Temperature Level. (F') 

299.5 290 291 282 290 210.5 169 198 124 122 163 105.5 
299.6 290.5 291 283 290 211 164 LOO 124 I21 I53 109.5 
299 290 290 286 290 212- 168 190.5 123 124 160 1 1 1  

307 
3 1 1  
312 
313 
312 
312 

309.5 

307. 5 
304 
305 
304.5 
307 
309 
309 
309 
307 
308 
303 

30 1 
30 1 
302 
303 

296 
30 1 
305 
297.5 
300 

298 299 291 298 
300.5 302 295 303 
302 304 295 303 
303 306 299 305 
302 304.5 295 303 
301 303 296 302 

300 301 293 300.5 

298 299.5 290 
297.5 297.5 289 
298 299 290 
296 291 289 
299 297 289 
299.5 299 291 
299.5 300 291 
299.5 300 291 
299 299 291 
299 299 290. 
295 295 286 

299 
300 
298 
291 
297 
299.5 
300.5 
300 
300 

5 299.5 
295 

293 294.5 287 294 
294 294 286 295 
294 295.5 288 295 
294.5 296 289 296 

288 288 280 288 
293.5 293 287.5 294 
297 296 289.5 296 
292 290.5 281 290 
290 291 ~. 

306 297 289 

230 
293 
297 167 193 129.5 127 155.5 117 

303 169 192 140 128 156 115 
304 161 197.5 156 120 147 119 
303 169.5 191 198 12b. l  150 127.5 
303 174 193 259.5 122 160 132 

301 168 198 137 i zn  160.5 118 

290 
2 72 

2 79 
294 
2 70 

300 175 199 271 126 161 145 

293.5 176 193 282 125 154 141 
290 179.5 202 290 127.5 159 152 
297.5 181 198 290 179 165 167.5 

297 173 191 290 133.3 161 207.5 
299 179 203 291 133 167 209.5 
300 181 201 292 I 3 0  161 222 
299.5 176 190 292 130 157 230 
299.5 175 196 290 179.5 166 223 
299. 178 196 291 134 158 237.5 
295 177 193 288 134 167 230 

295 180.5 200 290 1 1 1  166 184 

293.5 182.5 192.5 287.5 137.5 
294 178 192.5 286 128 
294 183 197 287.5 130 
294.5 178 190 287 134 

286 183 199 280 13: 
290 172 194 284 :2E 
296 180 189 290 130 
298 180 196 284 134 

205 
160 228 
161.5 257.5 
165. 5 257.5 
161. 5 260 

225 
168 

165 211 
152 261 
166 260 
169. 5 263 

283 290 290 183 193 284 135 157.5 242.5 
290 297 297 174 187 290 127 161.5 268 
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TABLE 26 (Cont'd.) 

31.0 
31.5 
32.0 
32.28 
32.4 
33.0 
34.0 
35.0 
36.0 
36.2 
36,21  
36.3 
36.4 
36.1 
36.8 
37 
38 
39 

3 i .  5 

29.0 

22.0 
21.5 
22.8 
26.0 

21.6 
31.0 
32.8 

5.0 

8.3 

4.8 
4.8 
6.8 
5.2 

6.9 
6.4 
6.8 

1.0 

11.5 

1.0 
6.5 
9.8 
?. 8 

10.5 
8.0 
9.9 

1. I 

10.8 

1.8 
8.5 
9.0 
a. 5 

11.0 
9.0 

10.5 

12.6 1.5 

13.5 11.0 

12.0 1.0 
10.0 1.0 
13.0 9.6 
12.5 8.5 

12.5 10.0 
12.0 9.0 
12.0 10.0 

Mean Tcmperaturo Level. (OF) 

300 291 290 282 292 

289.5 282 281 213 281.5 

213 211.5 261.5 259.5 267.5 
288 264 269 259 265 
293 286 211 261 210 
296 288 215.5 261.5 215 

298.5 288 287.5 212 219 
299 289 290 218 283 
299.5 289 290 280 281.5 

288 

278 

263 
262 
266 
270 
210 
290 
270 
269 
24 0 
267.5 
2 74 
28 1 
280 

119.5 200 286 

I15 194 273 
270 
2 30 

183 214 232 
i i P .  5 211.5 238 
183 203 230 
Ill 190.5 213  

166 189 190.6 
164 184 I S 3  
159 188.95 154 

131 

1% 

131 
129 
I33 
137 

137.5 
121 
I25 

168 255 

158.5 112 
167.5 

169.5 153 
161 153 
166 161 
112 162 

113 156 
167 136 
154.5 136 
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r m L E  27 

ht. Prom Coolant Shutoff Teats on 8trnJated Shell-Tube Conflsuratlons. Toat No. 9 .18 

C d t t o m :  1. Cooling arrannement parallel to t u b *  
2. Orlfleem In tube w l t e  
3. Tube axam horisontal. tube. etack8d In v.rtlca1 plan. 
4. Condenalry .team l l a  rate par tube prlor to ehutoff * 0.022 Ibleec 
5.  Coollry flow rata par tube prlor to ehutoff I 0.81 1ble .c  
6. Coolhnt to top tub8 shut off 
1. Large Inlet header 

hgnltude of Preeeure Oeclllation. 
(-1) Mean 

Prereura Mean fempratur8  hwl .  (OF) 
T h e  Level Wet Exit Tuba 1 Tube 2 Tube 3 

(meconde) h n l b l d  bhnlfdd &It Mt Cxlt 2 3 3 3 Q T8 T9 TJO 1~ 

0 30.b 
1 31.0 
2 31.5 

3 38.1 
4 41.5 
5 41.9 
5 . u  
5.425 
5.4b 
5. s 
6 43.0 
7 43.5 
8 4 3 . 0  
9 43.0 

10 33.0  
10.1 
I 1  26.9 
I2 27 .6  
I 3  28.0 
I4 28.0 
I 5  28 .9  
16 29.1 
I7 2 9 . 2  
18 29.5 
I9 29 .8  
20 29.6 
21 30.0 
22 .30.5 
23  30.5 
24 30.0 
25 30.0 
26 30.5 

27 26 .0  
28 6 . 0  
29 6 . 9  
30 8.8 
31 14.9 
32 20.0 
33 26.1 
34 28.0 
35 29.0 

Val- Cloeed 

Valve Reoponed 

6 5 . 0  
4.3 
5.0 

2. I 
4. 1 
6.0 

6.6 
2 . 3  
5.95 
5.9 
5 .0  

2 .5 
4.9 

10.4 
IO. 0 
6.75 
5.8 
4 . 0  
6 . 6  
7.5 
5.9 
6 .9  
9.5 
8.0 
6.0 
9 . 0  

18.0 

1.0 
2.4 
2.5 
3. I 
3 . 3  
4.1 
4 .3  
5.9 
5.2 

9.0 
6.0 
5 .0  

4.0 
5 .0  
8.0  

1 . 5  
1.9 
8.0 
6 . 0  
5 .  I 

7 . 0  
2 . 3  
6 .0  
5 . 5  
5 . 0  
5 . 3  
5 . 0  
6 .0  
7 . 0  
5 .0  
4.3 
4.0 
8 .  0 
b. 0 
5 .0  
5 . 3  

9 . 0  
2 .0  
2 .5  
6 .0  
4.5 
4.0 
b. 5 
1.0 
b. 0 

1 3 . 0  5 . 0  
10.5 4 .9  
12.5 6 . 0  

2.8 1.0 
14.0 6 . 0  
15.0 7 . 3  

13.0 1 .9  
5.0 3 .0  

12 .3  7 . 0  
16.0 1 3 . 0  
12.0 6 . 5  

1 3 . 0  6 . 1  
10.0 6 . 5  
14.0 9 . 0  
12.0 9 . 0  
14.5 7 . 0  
17.4 6 .9  
13 .0  5 . 5  
11.0 8 . 8  
1 3 . 0  9 . 0  
i6 .5  8 . 0  

1 5 . 0  11.0 
1 7 . 5 ,  7 . 0  
8 . 5  1.0 
9 .5  11.5 

22.0 19.0 

14.0 6 . 0  
7 . 3  3 . 0  
4 .0  2.5 
3 . 0  3.0  
8.5 4.0 
9.0 4.5 
9.0 6.5 

16.0 7 . 0  
14.0 1 .5  

7 . 0  a.0 

3 M  300 300 284 289 287 181 186 146 123 I 4 8  I20 
I22 

309.5 301 301 287.5 290 289.5 180 I95 142 I20 149 I22 

I20 
314 305 307.5 301 300 305 184 199 .5  137 127.5 153 122 

2 IO I25 
243 
296 
280 
300 

319 300 304 304.5 310 309.5 303 201 147.5 140 156 127.5 

315 306 309 301 

319 307.5 310 305 

314 304 

309 300 

304 198 

301 299 

300 506 

302 300 

300.5 301 

306 301 

300 296 

294 292 

297.5 289 

361 L90 

300 288 

301 290 

300 300.5 301 290 

277 
289.5 290 290 228 

296.5 290 290 240 

303 295 296 268 

307 299.5 299 280 
309 299 300 284 

etranoducer Inap8ratlve 

307 

309 

305 

300 

2% 

29 3 

293 

290 

29 3 

29 3 

288 
2 38 

243 

273 

284 
288 

307.5 

309 

304 

300 

295 

290.5 

290.3 

289 

292 

290 

300 200 158 

302 200 163 

300 200.5 170.5 

295 207.5 174 

290 2 s  i83  

285 210 179 

iB1.3 Li0 i58 

285 210.5 175 

288 2 1 1  171 

285 210 170 

187 150 
203 
273 167.5 
300 

300 I62 

295 160.5 

291 168 

287 169 

289.5 165 

286 169 

288 I70 

289.5 165 

130 
128 
133 
I32 

135 
142 
143 
139 
141 
i 3 0  
148.5 
149 
147.5 

147.5 
I48 
145 
143 
I47 
145 

i 4 5  

273 276 143 
232 223 193 169.5 173 168 145 

141 
240.5 210 191 169 184 163 138 

134 
267 I 6 4  177.5 181 153 153 129.5 

128 
282 165 190.5 130 130 150 129 
285 167 181 I28 127.5 I 4 8  I26 
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TABLE 28 

Data From Coolant Shutoff Tcsts on Simulated Shell-Tube Configurations. Test No. 9. I9 

THERMOCOUPLE rOCAlWN9 Condttioni: 

Magnitude of Pressure 0.clllations 
(Psi) 

Mean 
Pressure 

Ti.* Level Inlet Exit Tubr 1 Tube2 Tube 3 
(second.) ( p i g )  Manifold Manifold Exit Exit Exit 

0 35.5 
1 35.5 

2 41.5 
3 45.0 
3.4 
3.5 
4.0 45.0 
5.0 45.0 
5.5 
6.0 45.c 
7.0 43.5 
8.0 43.0 
8.5 
8.5s 
9.0 43.0 

I O  43.5 
I 1  41.9 
12 41.C 
13 35.0 
I4 37.0 
i s  : f . O  
16 35.0 
17 36.0 
18 36.5 
i9  56.5 
20 35.0 
21 34.9 
22 34.1 
23 36.0 
24 34.c 
25 36.0 
26 35.5 
Valve Reopened 
27 33.5 
28 27.7 
29 12.1 
30 9.5 
3 1  12.0 
32 14.1 
33 19.0 
34 23.0 
35 27.0 
36 31  .O 

Valve C l o r d  

5.2 
4. I 

4.0 
0 . 0  

2.0 
1.9 

2. I 
2.5 
1.5 

1.1 
1.6 
5 . 1  

18.0 
4.9 
4.9 
5. z 
5 . 2  
7.5 

18.0 
6.0 

17.6 
6.0 
4.4 
3.9 
5.0 
5.2 
8.0  

16.4 
2.9 
2.0 
1.0 
1.0 
3.0 
4.2 
4.1 
4. I 
4. I 

7 .3  
6.0 

6.5 
2.6  

2 .1  
2 . 0  

2.8 
3.0 
3.s 

3.0 
4.0 
7 . 5  

21.0 
12.4 
5.0 
7 . 0  
6.0 
3.0 

10.0 
8 . 0  

19.6 
7.5 
5 . 0  
5 . 0  
6.0 
5.5 
6.0 

5.5 
3.0 
2.0  
1.5 
1.5 
1.8 
5.0 
4.0 
4.9 
7.0 

14.9 
lC.0 

6 . 0  
2 . 0  

3.5 
2.8 

3.0 
3.0 
2.8 

0 
2.0 
E 
1.6 
3.0 
3.0 
2.5 
1 . 8  
1.5 
2.6 
2.7 
2.0 
4.0 
2 . 0  
2.5 
4.0 
2.5 
2.8  

3.0 
2.5 
2.7 
1.0 
2 .3  
8.5 
8.0 
8.5 

11.5 
11.0 

8 . 0  
6.0 

7.0 
2.5 

3.0 
2.5 

3.5 
3. I 
3.1 

2.5 
3 . 5  
1 . 0  
3.0 

LI .o  
11.0 
5.0 
5 . 5  
5 .  I 
8 . 0  
9.0 
7.3 

18.0 
8 . 0  
6.0 
5.0 
5 . 8  
7.0 

6 . 0  
3.0 
2.48 
2.0 
1.8 
2.6 
3.9 
2.5 
4.0 
s.0 

1. Cooling arrangement parallel to tubem 
2.  Orifices in tube exits  
3 .  Tube axes horizontal. lubes stacked in vertical plane 
4. Condensing steam flow rate per tube prior to shutoff = 0.022 Iblaec 
5. Cooling f low rate per tube prior to shutoff I 0.81 Iblsee 
b. Coolant to middle tube shut off 
1. U r g e  inlet header 

Mean Temneraturc Levels  I *FI 

313 304.5 307.5 301 306 3045 177.5 192 
220 
265 
30 I 

320 318 313 306 3 1 1  311  17) 305 

319.5 309.8 311 306 310 310 192 304 

316 307 309 303 308 309 191 301 

I18 308 

311 302 

306 299 

301  298 

314 300 

314 3073 

313 306 

3 1 3  306 

314 307.5 

309.5 304 309 3 O I S  195 302 

306 300 305 304 195 299 

298 295 298 298 186 291 

304 290.5 296 293.5 187.5 289 

307 293 299 297.) I82 291 

308 291 298 294 190 290 

310 290 294 291 190 289 

310 290 295 291 185 288 

307.3 291 291.5 294 185 289.5 

3 1 1  304 307 281.5 284 283 19P 279 

300 292 294 240 243 240 181.5 237.3 

301 292 293 252 259 253.S I60 214 
193 

307.5 300 299.5 270 275 271 ' 150 I80 

309.5 301 300 282 288 284 161 187.5 

+transducer inoperative 
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I41 120 I51 122 
120 

139 120 154 120 

I 4 3  122 I51 122 
I61 
191 

5S.5 122 2 1 3  

64 I28 260 
280 
300 

60 135 305 

25 

3 0 . )  

35 

166 133 300 138 

169 134 294 138 

169 137.5 291 136 

166 149 294 139.5 

176 138 293 137 

164.5 139 291 138.5 

170 138 29a5 141 

170 139.5 2.93 139 

168 1385  za i  1 3 8  

172 I34 230  138 

150 127 170 130 

133 120 158 126 
I23 

126 115 161.5 126 

199 
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TABLE 29 

Data Prom Coolant Shutoff Teat. on Slmulated Shell-Tube Configurationa. Teat No.. 9.20 

THERMOCOUPLE LOCATIONS CondltIoM: 
weEs 

Mynltude of Remawe Omclllatlona 
(pal) 

Mean 
Preaeure 

T h e  Level Inlet €hit Tube I Tube 2 Tube 3 
(aeconda) (pail) MmIf01d Manifold Exit ExIt Exit 

0 29. I 
1 29.9 
2 29.5 
Valve Cloaod 
3 
4 
5 
6 
1 
8 
9 

10 
I 1  
I2 
13 
I4 
I5 
15. 5 
15. 88 
16 
16.08 
16.24 
11 
18 
19 
2C 
2 1  
22 
22.5 
23 
24 
25 
26 
27 
28 
29 
29.5 
30 

2 9 . 5  
30.0 
31. 5 
31.0 
38. I 
38. 1 
38.0 
31.5 
31. 3 
36.8, 
36e3 
36.0 
35.0 

36.5 

36.0 
36. L 
37.0 
33.5 
33 .1  
3 3 . 0  

33 .0  
32.0 
29.5 
33. 1 
33.9 
34.0 
35.8 

35.8 
Valva Re o p n e d  

3 1  26.0 
31.06 
31.24 
31.3 
31.36 
31.54 
31.6 
31.1 
32 14.5 
33 11.0 
34 13.0 
35 18.0 
36 22.0 
31 25.5 

+ 4. I 
4.9 
5.45 

4.3 
6.4 
5.0 
1.0 
4.3 
6.9 
4.1 
4.6 
5.95 
4.0 
4.91 
3.2 
5.0 

2.9 

2. 4 
3.0 
4. I 
5. 1 
3.46 
3.35 

3.9 
4 - 0  
5.0 
4.15 
4.5 
4.1 
4.9 

5.0 

3.9 

4.1 
3.7 
4.0 
4.2 
4.45 
5.1 

4. b 
1.0 
6.8 

4.0 
1. I 
4.9 
1.45 
4.5 
1.0 
4.0 
4 .6  
5.5 
4.0 
4.9 
3.0 
4.5 

2.6 

4.5 

4.9 
5.0 
4.0 
3.0  

3.0 
3.5 
4.5 
3.0 
3.4 
3.1 
1.6 

1.0 

6.3 

3: 0 

5.5 
4.0 
4.5 
6.0 
6.5 
1. 5 

9.5 6.0 
12.0 8.0 
14.5 8 . 0  

9.1 '1.0 
14.0 10.0 
13.0 b . 0  
17.5 5 . 0  
9.0 1.5 

18.0 10.0 
12.5 1.0 
14.0 1.0 
15. 1 7.5 
9.5 1.0 
14.0 1.0 
14.1 5. I 
12.5 1.6 

7.0 5.0 

6,O 3.5 
7.3 6.0 

13.0 5.0 
12.5 8.0 
12.2 9.0 
10.4 5.0 

7.3 5.0 
8.0 5. 5* 

14.0 7.3 
15.0 6.5 
14.0 6.0 
12.0 6.0 
13 3.1 

14 4. 1 

10.5 4 .1  

10.1 4.0 
8..5 3.5 

11.0 3.8 
9:O 4.5 

11.0 5. I 
10.1 5 .1  

1. 
2. Orificea In tube exlt. 
3. Tube axem horizontal. tube. aucked In verllcal plane 
4. 
5. 
6. 
7. Larnr Inlet header 

Coollng arrangrment parallel to tube 

Condenaing #team nor rata per tube prlor to ahutoff 0.022 Ib/#*c 
C o o l l q  flm rate per tube prlor to ahutoff 0.81 1bla.c 
Coolant to bottom tube *hut off 

Mean Trmprrature Level. ('F) 

311 303 303  

313 304 301.5 

313 393 308 

310 302 301.5 

309.5 300 299 

308 29%) 304 

3 i & 5  299.5 304 

305 295 301 

309 295 3Oi 

309 301 301 

310 300 301 

311 301 300 

313 SOL5 306 

300 29L5 293 

300 292 293 

305 291.5 296 
306 299 299 

Wranaducer inoperalive 

PAGE NO. 62 

t T5 - -  
287 291 

281 299 

287 291 

299.5 301 

301 303 

299 302 

299 301 

297.5 300 

299 30L5 

290 300 

292 291 

291 i 9 6  

2995 295 

291 295 

293 298 

298 300 

260 2645 

257.5 260 

2125 215 
219 280 

f 6  

289 

288 

- 

289 

302 

303 

301 

30 I 

300 

30 I 

299 

304 

L96 

29 I 

303 

303 

30 1 

258 

251 

21 I 
284 I 

T 1  - 
180 190 

119 I86 

\e1  1845 

179 189. 

I19 183 

183 I835 

I86 183 

I88 181 

193 
175 

113 
198 

189 198 

190 187.5 

I81 

189 192 

189 200 

181 185 

182 194 

184 193 

187.5 187.5 

I80 115 

159 119 
155 111.5 

139 120 

138 
1195 

121 
140 

120 
141.5 

121 
163 
191 128 
231.5 
2715 126 
29 1 

I27 
29 1 

128.5 

293 

I 2 3 5  

129 

128 

23 1 

289 

isns 

129 

130 

128 

I22 

281 

281 

290 

29 3 

126 

24 1 

223 

1945 
151.5 1215 

121.5 

I26 

T i l  T I Z  -- 
I56 120 

1525  120 

141.5 1 1 8 5  

150 I235 

15s.) 121.5 

146 138 

I58 I58 

15% 186 

I50 213 

149 230 

153 243 

i59.5 Z j i  
2 62 

isas 253 

154 262 

164 261 

268 
143 211.5 

253 
235  
2 38 
2 10 
193 
190 
151.1 

150 
159 

153 
171 

I4 1 
147 154 
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TABLE 30 

Data From Coolant Shutoff ?emta 00 MmJated Shell-Tube Confl8uratlonm. Temt k. 3 - 2 1  

WLIIMOCOURL u~nm Coadi~olu: 1 .  Coollng asran#ement parallel to tubem 
2. Or4fIcem in tube exit# 
3. Tube axem horiaontal. tubam mucked ln horl.on:al plana 
4. Condenah# mteam llm rata por tube prlc r to m l  *itoff - 0. C I8 Iblaac 
5. Coollna flow rate y r  tuba prlor to mhutoff = 0.81 I b l r c  
6. Coolant to mldQa tube ahrt off 
7. k r # e  Inlet header 

0 
I 

V.L*.?Ao..d 
3 
4 
4.) 
5 
6 
7 
8 
9 

10 
I 1  
12 
I 3  
14 
15 
16 
17 
I8 
I9 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
31 
38 
39 
40 

41 
42 
43 
44 
45 

Valve Reopenad 

e 0 3.8 
6 .0  

14.0 

5 . 0  
2.7 

2 .5  
2 . 1  
3.9 
3 . 0  
2 .5  
3 . 0  
2 .5  
2 .8  
2.7 
2. I 
2.55 

0 
2.5  
2. 5 
2;2  
2 . 5  
2 . 0  
2 . 3  
2 .23  
3 .0  
9 . 0  
3 . 1  
6. 1 
5 . 0  
6.0 
5.8 
3 .0  
5.0 
6.0 
1 . 3  
6. I 
5.8 
5.5 
5.5 
5.0 
3. I 

3.8 
5.0 
2.1 
2.0 

10. I 

4 - 8  310 303 101.5 289.5 295 293 I91 199 144 136 I50 104 
5 . 0  I48 103 
7 . 5  309.5 300 301 288 293 290 197 137 150.5 137 156 103 

5 . 6  I61 101 
4 . 0  311 306 308 299.5 304.5304 198 250 139.8 138 156 101 

297.5 
2 . 5  158 101 
3. I 311 303 30't.S 300 304 304 197 297.5 I52 140 I87 104 
4 . 0  219.5 I05 
3 . 1  3 1 1  304 308.5 299.5 304 304 203 247.5 158 I39 238 108 
3 . 5  
4 . 0  309 300.5 307 297 300.5 302 206 2% 160 140 &;os 
2.5 213 110.5 
3 . 0  306 300 304 294.5 300 300 204 29i  160.8 146 280 1 1 1  

291 114 3.5 
2.5 309.5 301 306 298 301 302.5 206 7.96 161.5 146 298 11)  
6 . 5  298 114 

11.0 308 300 306 297 300.5 300 LOO ?% 159 I44 298 I14 
6 . 4  295 119.) 

13 .0  304 299 303 292 298 297.5 206 290.5  160.5 141 294 121 
298 iZ3 8 .  e 

1 . 5  309.5 307.5 300 298 301 301 190 2% I10 I42 299 I25 
8 . 1  300 129 
6 . 0  307 300 305 295 300 299 198 ?93  I76 I44 291.5 132 

12.5 298 131 
6 . 0  301 300 304 295 300 299.a 196 293 177 147 291.5 131.5 
8 . 0  299 133 
1 . 5  309.5 303 306 299 304 303 I93 293 176 I49 300 138 

13. I 300 139 
7 . 9  308 302 306 298 302 300.5 I 9 1  291.5 184 149 300 139.5 
7 .9  294 139.5 
9 . 0  303 299 300 293 299 298 196 291 190.5 153.5296 144 
9 . 5  291 149 

12.6 301 300 303 291 300.5300 190 275 185 152 298 144 
19.0 301 143 

15.0 299.8 143 
11.2 309 301 304 298 302 301 196 291 190.6151.0390 144 
7 . 0  301 148 

23.0 3W 299.5 303 291 301 300 199 295 186 154.8 298 141.5 
8 . 3  298.5 145 
3 .0  301.5 295 300 290.5 294 295 203 2W 187.3 150.5292 145 

3 .0  150.C 261 144.5 
4 . 0  290 278 287 252 258 253.5 188 249 181 150.5 250 I43 
1.9 150.6 174 142 
2.5 299.3 29Q5 292 260 263 260 173 22)  163 149.0 163 130 
4.9 301 292 293 268 273 266 166 214 14O 139.0 163 122 

13.0 $10 303 305 299 304.5 303 I95 29¶.5 I88 149.5300.8 141.5 

+I ranmducer inoperative 
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TABLE 31  

Lhm rrom Coolant huto f#  Ten.  en Ymulrted Shell-Tub Confl8uratlonw. Teat No. 9.22 

Conditions: 1.  Coolina arranwment parallel to t u k a  
2. NO oriiicea - 
3. Tube axem horlxontal. t u b 8  wtached In horlxontal plam 
4. Conbnwins wtcam flow ratr per t u b  prlor to w\utoIl * O.@21 Ib/arc 
5 .  Cooling flow rate p r  tube prlor to ahutdl - 0.81 Iblaec 
6.  Coolant to middle t u b  *hut off 
7. L r 6 e  Inlet header 

IT 

Masnltude d Preraure Oaclllatlonm 
(pal) Mc.s 

Prewaun 
Tim8 Lcvel Inlet Exlt Tube1 T u b 2  T u b  3 
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T A B U  31 (Cont'd.) 
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TABLE 32 

Dam From C w h t  ShutoU Testa on Simulated Shell-Tube Codlguratlone. Teat No. 9.23 

THERMOCOUPLE LPCATlON~ CondhtIons: 1. 
TUBES 2. 

3. 
4. 
5. 
6. 
7. 

Cooling arrangement parallel to t u b e  
Oriliccs in tube exits 
Tube axe. vertical 
Condcnain# rteam flow ratr per tube prior to shutoff 9 0.018 Ib/sec 
Coollna flow ratr p r  tubs prior to shutoff = 0.81 Iblsec 
Coolant to m i a l e  tuba shut OU 
& r p  Inlet header 

Ma@tude of Pressure Oiclllatione 
(psi) Mean 

Prassuro Mean Tempraturo Levels (Or) 
Time Level Inlet Exit T u b 1  T u b 1  T u b 3  

jwconde) (paig) Manifold Manifold Exlt Exit Exi t  3- a I+ 

0 25.0 .) 3 .8  
1 2 3 . 5  1.6 
Valve C1oa.d 
2 
3 
4 
5 
6 
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I 1  
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I I .  59 
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1 I .  91 
A1.96 
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12.23 
12.28 
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\ 3  
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* A  a. 
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25.9  . 2 5  

- 7.5 
3.0 
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PWA-23 15 P R A T T  WHlTNCY AIRCRACT 

T A B U  32 (Cod’d.)  

Mean 
Preamurm 

Tim* Levo1 
imccondm) (pa 11) 

Valve Reopened 
38.7 
39 19.9 
39. 16 
39.18 
4 0  15. 5 
4 1  14.0 
4 2  15.6 
43  17.5 
44 17. 5 
4 5  18.9 
46 19.0 
4 7  19. 5 
4 8  20. I 

12.4 
.9 1.5 1. I 

. 6  
1.9 
2.2 
1.2 
2.8 
2.3 
1.6 
2.0 
2. I 

0.8 1.25 
10.9 6.0  
7.0 7.5 
4.5  4.0 

4 . 5  7.3 
3.0 5.5 
4.0 4.0 
4.0 4.0 

7.3 1.0 

Mean Temperature Lcvmla (*F) 

T I  ‘9 T3 ‘4 7 5  Tb T7 T r  T t  710 1 1 1  7 1 2  - - - - - - - - - - - -  
179 

28l.5 
260 

347 336 339 270 27a9 269 A905 245 173 1 1 1  150 137.5 

346 337 339 271 272 271 181 213 160 15cl5 150 137.5 

345 335 339 272 274 271 I85 179 157.5 156 161 I28 

347 337 339 276 277.5 215 I82 l r )  168 153 I525 129.5 

346 337 34Q5 260 280 280 180 176 163 150 143 118 
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PRATT e WHITNEY A I R C R A F T  PWA-23 15 - Condensing Cooling 
Flow 

a )  T i m e  = 0 
Beginning of sequence 
showing calm conden- 
sate film on bottom of 
condensing tube 

b)  T i m e  = 0.032 second 
Waves f o r m e d  in  
condensate fi lm 

c) T i m e  = 0.0364 second 
Condensate completely 
turbulent  

d )  T i m e  = 0.096 second 
Condensate film 
be coming calm 

e )  T i m e  = 0.128 second 
Fina l  l iquid-vapor i n t e r  - 
face at r igh t  edge. Con- 
densate  film indicates  

*c II . .-.“.nu A 

back flow of liquid 

F i g u r e  7 Sequence f r o m  Movie Showing Sporadic  F low Typical  of 
Slugging Flow (Side View - 2 X  Magnification) 
Conditions:  1 .  Condensing Flow R a t e  p e r  Tube = 0 .00078  l b / s e c  

2. Static P r e s s u r e  a t  Inlet  = 19.2  p s i a  
3 .  Inlet Velocity = 86 f t l s e c  
4.  Inlet Quality = 1 . 0  
5 .  Two G l a s s  T u b e s  i n  Hor izonta l  P l a n e  
6. C a m e r a  Speed = 5000 F r a m e s  p e r  Second 



P R A T T  h WHITNEY A I R C R A F T  

I 
1 
I) 

I 
I 
c 
I; 

I 
E 
IE 
B 
I 
1) 
I 
1 
i 

e 

PWA-23 15 
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Figure  8 Typical Curves of P r e s s u r e  at Tube Exit vs Time, 
Showing Effect of Number of Tubes for Glass Tube 
Configurations. 
Conditions : 1. 2 O Uphill Orientation 

2. Cooling Flow p e r  Tube 

3 .  
WC * 0 . 2 8  lb / sec  
Static P r e s s u r e  at Tube I n l e t s  20 psia 
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N0TE:PRESSURE FLUCTUATIONS AT ALL 
Te,t No. ,.02 LOCATIONS ARE IN PHASE 

8.0 

7.0 

6.0 

EXIT OF TUBE NO. I 

TIME -SECONDS 

Figure  9 Typical Curves of P r e s s u r e  vs Time for Three-Glass- 
Tube Configurations at Various Locations. 
Conditions : 1. 2. Uphill Orientation 

2. Condensing Steam Flow 

3. Cooling Flow per  Tube 

4. 

per  Tube Ws = 0.00086 lb / sec  

Wc = 0 . 2 8  lb / sec  
Static P r e s s u r e  a t  Tube Inlet e20 psia 
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Figure  10 Typical Curves of P r e s s u r e  at Tube Exit  vs  Time, 
Showing Effect of Angle of Tube Inclination. 
Single G l a s s  Tube Configuration 
Conditions : 1. Cooling Flow WC s 0. 27  1b/sec 

2 .  Static P r e s s u r e  a t  Tube Inlet ~ 2 0  psia 
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ANGLE OF TUBE INCLINATION -DEGREES 

Figure 1 1  Average Magnitude of Pressure Oscillation at Exit 
of Condensing Tube vs Angle of Tube Inclination. 
Configuration: Single Tube, Constant 0. 18-Inch 

Inside Diameter 
Static Pressure at Tube Inlet I 5 0  psia 
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Ws=CONDENSING STEAM FLOW 
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Figure 12 Average Magnitude of Pressure Oscillation at Inlet 
of Condensing Tube vs Angle of Tube Inclination. 
Configuration: Single Tube, Constant 0. 18-Inch 

Inside Diameter 
Static Pressure at Tube Inlet - 50  psia 
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Figure 13 Typical Curves of Tube Exit Pressure vs Time for 
Various Angles of Tube Inclination. 
Configuration: Single Tube, Constant 0. 18-Inch 

Inside Diameter 
Conditions : 1. Condensing Steam Flow 

Ws = 0.0104 lb/sec 

Static Pressure at Tube Inlet a 5 0  psia 
2. Cooling Flow Wc f 0. 81 lb/sec 
3.  



PRATT & WHITNEY A l R C R A f T  

... 1 

PWA-23 15 
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Figure 14 Typical Curves of Tube Exit Pressure vs Time for 
Various Angles of Tube Inclination. 
Configuration: Single Tube, Constant 0. 18-Inch 

Conditions : 1. Condensing Steam Flow 
Inside Diameter 

Ws = 0.0035 ,lb/sec 
Cooling Flow WC 5! 0.80 'lb/sec 
Static Pressur.e at Tube Inlet s 5 0  psia 

2. 
3 .  



PRATT h W H I T N E Y  AIRCRAFT 1 
PWA-23 15 

ANGLE OF TUBE INCLINATION -DEGREES 

Figure 15 Average Magnitude of Pressure Oscillation at Exit 
of Condensing Tube vs  Angle of Tube Inclination. 
Configuration: Single Tube, Constant 0. 305-Inch 

Inside Diameter 
Static Pressure at Tube Inlet s 50 psia 
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ANGLE OF TUBE INCLINATION - DEGREES 

Figure 16 Average Magnitude of Pressure Oscillation at Inlet 
of Condensing Tube vs Angle of Tube Inclination. 
Configuration: Single Tube, Constant 0. 305-Inch 

Inside Diameter 
Static Pressure at Tube Inlet I 50  psia 
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Figure 17 Average Magnitude of Pressure Oscillation at Exit 
of Condensing Tube vs Angle of Tube Inclination. 
Configuration: Single Tube, Constant 0.43-Inch 

Inside Diameter 
Static Pressure at Tube Inlet CI 50  psia 
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Figure 18 Average Magnitude of Pressure Oscillation 
of Condensing Tube vs Angle of Tube Inclination. 
Configuration: Single Tube, Constant 0.43-Inch 

Inside Diameter 
Static Pressure at Tube Inlet ~r 50  psia 

at Inlet 
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ANGLE OF TUBE INCLINATION 90. Teat NO. 4.01 
30 

20 

IO 

0 

-10 

- 20 

30 

20 

IO 
0 
p" 
I o  
t 
X 
W 

w -10 
Q 
2 
I- ANGLE OF TUBE INCLINATION * 0. Teat No. 4.03 

ANGLE OF TUBE INCLINATION = -30 .  Teat No. 4.04 
601 

50 

40' U 

30 -- 
ANGLE OF TUBE INCLINATION 8 -90. Teat No. 4.05 

0 0.1 0.2 0.3  0 4  0.5 0.6 0.7 0.8 0.9 1.0 
TIME -SECONDS 

Figure 19 Typical Curves of Tube Exit Pressure vs Time for 
Various Angles of Tube Inclination. 
Configuration: Single Tube, Constant 0.43-Inch 

Inside Diameter 
Conditions : 1 .  Condensing Steam Flow 

Ws s 0. 05.0 lb/sec 
2. Cooling Flow W, = 1 . 6 2  lb/sec 1 
3 .  Static Pressure at Tube Inlet a 5 0  psia 
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Figure 20 Typical Curves of Tube Exit Pressure vs Time for 
Various Angles of Tube Inclination. 
Configuration: Single Tube, Constant 0.43-Inch 

Inside Diameter 
Conditions : 1 .  Condensing Steam Flow 

Ws s 0. 0219 lb/sec 

Static Pressure at Tube Inlet s 5 0  psia 

2 .  Cooling Flow Wc = 1 . 6 1  lb/sec 

3 .  
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Figure 21 Average Magnitude of Pressure Oscillation at Exit 
of Condensing Tube vs Angle of Tube Inclination. 
Configuration: Single Tube, Constant 0.43-Inch 

Inside Diameter with Swirler Insert 
Static Pressure at Tube Inlet a 5 0  psia 
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ANGLE OF TUBE INCLINATION - DEGREES 

Figure 22 Average Magnitude of Pressure Oscillation at Inlet 
of Condensing Tube vs Angle of Tube Inclination. 
Configuration: Single Tube, Constant 0.43-Inch 

Inside Diameter with Swirler Insert 
Static Pressure at Tube' Inlet e 50  psia 
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Figure 23 Ty-pical Curves of Tube Exit Pressure vs Time for 
Various Angles of Tube Inclination. 
Configuration: Single Tube, Constant 0.43-Inch 

Conditions : 1 .  Condensihg Steam Flow 
Inside Diameter with Swirler 

Ws = 0. 050 lb/sec 

Static Pressure at Tube Inlet s 50  psia 
2. Cooling Flow WC % 1 .  6.0 lb/sec 
3 .  
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Figure  24 Typical Curves of Tube Exit P r e s s u r e  vs Time For  Different 
Per iods  during Test 
Configuration: Single Tube. Constant 0.43-Inch Inside 

Diameter with Slotted Tubular Insert  
(31  16-Inch Outside Diameter) 

Conditions : 1. Condensing Steam Flow Ws = 0.028 lb / sec  
2. 
3. 
4. 

Cooling Flow Wc = 1 . 6  lb / sec  
Angle of Tube Inclination = 0 "  
Static P r e s s u r e  at Tube Inlet S 50 psia 
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Figure 25 Typical Curves of Tube Exit P r e s s u r e  vs Time for Different 
Per iods  during Test 
Configuration: Single Tube. Constant 0.43-Inch Inside 

Diameter with Slotted Tubular Inser t  
(3/16-Inch Outside Diameter)  

Conditions : 1. Condensing Steam Flow W, = 0 .021  lb / sec  
2. Cooling Flow Wc = 1 .6  lb / sec  
3.  Angle of Tube Inclination = 0"  
4. Static P r e s s u r e  a t  Tube Inlet s 50 psia 
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Figure 26 Typical Curve of Tube Exit P r e s s u r e v s  Time 
Configuration: Single Tube. Constant 0.43-Inch Inside Dia- 

meter with Nonslotted Tubular Inser t  (3 /16 -  
Inch Outside Diameter).Angle of Tube Incli- 
nation = 0 "  

Static P r e s s u r e  a t  Tube Inlet n50 psia 
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ANGLE OF TUBE INCLINATION- DEGREES 

Figure 27 Average Magnitude of Pressure Oscillation at Exit of 
Condensing Tube vs Angle of Tube Inclination. 
Configuration: Single Tapered Tube 

Inlet Inside Diameter 0. 50  Inch 
Exit Inside Diameter 0. 1875 Inch 
Length 4 3 .  0 Inches 
Static Pressure at Tube Inlet 50 psia 
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ANGLE OF TUBE INCLINATION- DEGREES 

Figure 28 Average Magnitude of Pressure Oscillation at Inlet 
of Condensing Tube vs Angle of Tube Inclination. 
Configuration: Single Tapered Tube 

Inlet Inside Diameter 0 . 5 0  Inch 
Exit Inside Diameter 0. 1875 Inch 
Length 43. 0 Inches 
Static Pressure at Tube Inlet G 5 0  psia 
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Figure 29 Typical Curves of Tube Exit Pressure vs Time for 
Various Angles of Tube Inclination. 
Configuration: Single Tapered Tube 

Inlet Imide Diameter 0. 5 0  h c h  
Exit InsideDiameter 0. 1875 Inch 
Length 43. O'Inches 

Conditions : 1 .  Condensing Steam Flow 
W s  = 0 . 0 1 3  lb/sec 

2. Cooling Flow W, 0..3.7 lb/sec 

3,. Static Preedurs at ,Tube Inlet = 50 peia 
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Conditions: 
1. Cooling Arrangement across  Tubes 
2. No Orifices 
3. Tube Axes Horizontal, Tubes Stacked in  Horizontal Plane 
4. Condensing Steam Flow Rate p e r  Tube pr ior  to Shutoff = 0.021 lb / sec  
5. Cooling Flow Rate pe r  Tube p r io r  to Shutoff = 0.81 lb / sec  
6. L a r g e  Inlet Header 
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Figure  30 Mean P r e s s u r e  Level vs Time Showing Effects of Shutting 
Off Coolant to Different Cooling Sections. Tests No. 9 . 0 7 ,  
9 . 0 3 ,  and 9 . 0 9  
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Conditions: 
1. Cooling Arrangement a c r o s s  Tubes 
2. No Orifices 
3. Tube Axes Horizontal, Tubes Stacked in  Horizontal Plane 
4. 
5. 
6. L a r g e  Inlet Header 

Condensing Steam Flow Rate per  Tube pr ior  to Shutoff = 0.02 1 lb / sec  
Cooling Flow R a t e  per  Tube p r io r  to Shutoff = 0.81 lb / sec  
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Figure  31 Magnitude of P r e s s u r e  Oscillation a t  Exit Header vs Time 
Showing Effects of Shutting Off Coolant to Different Cooling 
Sections. Tests  Nos. 9 . 0 7  ,9.08 , and 9.09 
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Conditions: 
1. Cooling Arrangement ac ross  Tubes 
2. No Orifices 
3. Tube Axes Horizontal, Tubes Stacked in Horizontal Plane 
4. Condensing Steam Flow Rate pe r  Tube p r io r  to Shutoff = 0.02 1 lb / sec  
5. Cooling Flow Rate pe r  Tube p r io r  to  Shutoff = 0 .8  1 lb / sec  
6. L a r g e  Inlet Header 
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Figure  32 Typical Curve of P r e s s u r e  in  Exit Header vs Time during 
Pe r iod  Coolant to Cooling Sections nea res t  Inlet Header i s  
Shut Off. Tes t  No. 9 . 0 7  
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Conditions: 
1. Cooling Arrangement a c r o s s  Tubes 
2. No Orif ices  
3. Tube Axes Horizontal, Tubes Stacked in  Horizontal Plane 
4. Condensing Steam Flow Rate p e r  Tube pr ior  to Shutoff = 0.021 l b / sec  
5. Cooling Flow Rate per  Tube pr ior  to Shutoff = 0.81 l b / s e c  
6. L a r g e  Inlet Header 
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Figure  33 Typical Curve of P r e s s u r e  in  Exit Header vs Time during Per- 
iod Coolant to Middle Cooling Sections is Shut Off. 1 Test  No. 9 . 0 8  
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THERMOCOUPLE LOCATIONS 
TUBES 

Conditions: 
1 .  Cooling Arrangement across  Tubes 
2 .  No Orifices 
3.  Tube Axes Horizontal, Tubes Stacked in Horizontal Plane 
4. Condensing Steam Flow Rate per Tube prior to Shutoff = 0.021 lb / sec  
5 .  Cooling Flow Rate per Tube prior to Shutoff = 0 . 8 1  lb/sec 
6.  Cooling Sections Shut Off - Nearest Inlet 
7 .  Large Inlet Hea,der 

TIME- SECONDS 

Figure 34 Condensing Fluid Mean Temperature at Various Locations 
vs Time. Test No. 9 . 0 7  
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Conditions: 
1 .  Cool ing Arrangement a c r o s s  Tubes 
2 .  No O r i f i c e s  
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THERMOCOUPLE LOCATIONS 

TU,B€S 

3. 
4. 
5 .  
6. 
7 .  L a r g e  Inlet Header 

Tube A x e s  Horizontal ,  Tubes Stacked i n  Horizontal P lane  
Condensing S team Flow Rate per Tube prior t o  Shutoff = 0.02  1 l b / s e c  
Cooling Flow Rate p e r  Tube pr ior  to  Shutoff = 0 . 8 1  l b / s e c  
Cooling Sect ions  Shut Off - Middle 
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Figure 35 Condensing Fluid Mean Temperature at Various Locations 
vs Time. Test No. 9.08 



Conditions: 
1. Cooling Arrangement across  Tubes 
2 .  No Orifices 
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THERMOCOUPLE LOCATIONS 
T U F S  

3. 
4. 
5 .  
6 .  
7 .  Large Inlet Header 

Tube Axes Horizontal, Tubes Stacked in Horizontal Plane 
Condensing Steam Flow Rate per Tube prior to Shutoff = 0. 021 Ibfsec 
Cooling Flow Rate per Tube prior to Shutoff = 0 .81  lb /sec  
Cooling Sections Shut Off - Nearest Exit 
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Figure 36 Condensing Fluid Mean Temperature at Various Locations 
vs Time. Test No. 9 . 0 9  
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Cooling Arrangement a c r o s s  Tubes 
No Orifices 
Tube Axes Horizontal, Tubes Stacked in  Vertical Plane 
Condensing Steam Flow Rate per Tube p r io r  to Shutoff = 0.022 lb / sec  
Cooling Flow Rate per Tube prior to Shutoff = 0 . 8  1 l b / sec  
La rge  Inlet Header 
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Figure  37 Mean P r e s s u r e  Level vs Time Showing Effects of Shutting 
Off Coolant to Middle Cooling Sections. Test  No. 9 . 0 2  
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Conditions : 
1. Cooling Arrangement a c r o s s  Tubes 
2. No Orifices 
3. 
4. 
5. 
6. Large  Inlet Header 

Tube Axes Horizontal, Tubes Stacked in  Vertical Plane 
Condensing Steam Flow Rate per  Tube pr ior  to Shutoff = 0.022 lb / sec  
Cooling Flow Rate per  Tube prior to Shutoff = 0.81 lb / sec  

F igure  38 Magnitude of P res su re  Oscillation 
Showing Effects of Shutting Off Coolant to Middle Cooling 
Sections. Test  No. 9.02 

a t  &it Header vs Time 
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THERMOCOUPLE LOCATIONS Conditions : 
1. Cooling Arrangement a c r o s s  Tubes 
2 .  No Ori f ices  TUBES 
3 .  Tube Axes  Horizontal, Tubes Stacked in Vertical Plane 
4. 
5 .  
6. 
7 .  Large  Inlet Header 

Condensing Steam Flow Rate per Tube prior to Shutoff = 0 . 0 2 2  l b / s e c  
Cooling Flow Rate per  Tube prior to Shutoff = 0 . 8 1  l b / s e c  
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Figure 39 Condensing Fluid Mean Temperature at Various Locations 
vs Time. Test No. 9 . 0 2  
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Conditions : 
1. Cooling Arrangement ac ross  Tubes 
2. Orifices in  Tube Exits 
3. Tube Axes Horizontal, Tubes Stacked in Horizontal Plane 
4. Condensing Steam Flow Rate per  Tube p r io r  to Shutoff = 0.021 lb / sec  
5 .  Cooling Flow Rate per  Tube p r io r  to  Shutoff = 0 . 8  1 lblsec 
6. La rge  Inlet Header 
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Figure  40 Mean P r e s s u r e  Level vs Time Showing Effects of Shutting 
Off Coolant to Middle Cooling Sections: Test  No. 9 .11  
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Conditions : 
1. Cooling Arrangement ac ross  Tubes 
2. Orif ices  in  Tube &its 
3. Tube Axes Horizontal, Tubes Stacked in  Horizontal Plane 
4. Condensing Steam Flow Rate per  Tube p r io r  to Shutoff = 0.021 lb / sec  
5 .  Cooling Flow Rate p e r  Tube pr ior  to Shutoff = 0.81 l b / s e c  
6. La rge  Inlet Header 

F igure  41 Magnitude of P r e s s u r e  Oscillation 
Showing Effects of Shutting Off Coolant to  Middle Cooling 
Sections. Test  No. 9.11 

at Exit Header vs Time 



Conditions: THERMOCOUPLE LOCATIONS 
1 .  Cooling Arrangement  a c r o s s  Tubes 
2 .  O r i f i c e s  in  Tube Exits  
3 .  Tube A x e s  Horizontal ,  Tubes Stacked in Horizontal Plane  
4.  
5 .  Cool ing  Flow Rate per  Tube pr ior  t o  Shutoff = 0 . 8 1  I b / s e c  IN IT 
6.  
7. L a r g e  Inlet Header 

Condensing S t e a m  Flow Rate per  Tube prior to Shutoff = 0.021 l b / s e c  

Cooling Sec t ions  Shut Off - Middle 
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Figure 42 Condensing Fluid Mean Temperature  a t  Various Locations 
vs Time. Test  No. 9 . 1 1  
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C onditions : 
1. Cooling Arrangement ac ross  Tubes 
2. Orifices in Tube Exits 
3. Tube Axes Horizontal, Tubes Stacked in Horizontal Plane 
4. Condensing Steam Flow Rate per  Tube p r io r  to Shutoff = 0.021 lb / sec  
5. Cooling Flow Rate  pe r  Tube pr ior  to Shutoff = 0.8 1 lb / sec  
6. La rge  Inlet Header 

F igu re  43 Typical Curve of P r e s s u r e  in  Exit Header vs Time during Pe r -  
iod Coolant to Middle Cooling Sections is Shut Off. Test  No. 9 .  11 
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Conditions: 
1. 
2 .  No Orifices 
3. Tube Axes Horizontal, Tubes Stacked in  Vertical Plane 
4. 

Cooling Arrangement Parallel  to  Tubes 

Condensing Steam Flow Rate per Tube pr ior  to Shutoff = 0.022 lb / sec  
5. 
6. La rge  Inlet Header 

Cooling Flow Rate per  Tube prior to Shutoff = 0.8 1 l b / sec  
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Figure  44 Magnitude of P res su re  Oscillation vs Time Showing Effects 
of Shutting Off Coolant to Different Tubes. 
9.17 

Tests  Nos. 9 .  16 and 
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Conditions: 
1. 
2. No Orifices 
3.  Tube Axes Horizontal, Tubes Stacked in  Vertical Plane 
4. 
5. 
6. La rge  Inlet Header 

Cooling Arrangement Paral le l  to Tubes 

Condensing Steam Flow Rate per  Tube pr ior  to Shutoff = 0.022 lb / sec  
Cooling Flow Rate per  Tube pr io r  to  Shutoff = 0.81 lb / sec  
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Figure  45 Mean P r e s s u r e  Level vs Time Showing Effects of Shutting 
Off Coolant to Different Tubes. Tests  Nos .  9 .  16 and 9.17 
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Conditions : 
1. 
2. No Orifices 
3. Tube Axes Horizontal, Tubes Stacked in Vertical  Plane 
4. 
5. 
6. La rge  Inlet Header 

Cooling Arrangement  Parallel  to Tubes 

Condensing Steam Flow Rate per  Tube pr ior  to  Shutoff = 0.022 lb / sec  
Cooling Flow Rate per Tube pr ior  to Shutoff = 0.81 lb / sec  

44 

40 

z 
36 

1 32 
i 28 

F!i 

If 24 

20 

Figure  46 Typical Curve of P res su re  in  Exit Header vs Time during Per- 
iod Coolant to  Middle Tube is Shut Off. Test  No. 9. 16 
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Conditions: 
1 .  
2 .  No Orifices 
3 .  Tube Axes Horizontal, Tubes Stacked in Vertical Plane 

Cooling Arrangement Parallel  to Tubes 
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4. 
5 .  

7 .  Large Inlet Header 
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